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Professor	 Claes,	 Kathleen,	 dankzij	 jouw	 samenwerking	 met	 Anne	 kon	 ik	 werken	 aan	 een	
boeiend	project	dat	mijn	 interesse	voor	genetica	en	straling	combineert.	Bedankt	om	mijn	








Dit	 onderzoek	 was	 niet	 mogelijk	 zonder	 de	 talloze	 bloeddonaties,	 zowel	 van	 gezonde	
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bijspringen	bij	tal	van	experimenten,	het	opsnorren	van	data	en	de	vele	leuke	babbels.	
		 		



















Bedankt	 mama	 en	 papa,	 jullie	 hebben	 me	 steeds	 gesteund	 bij	 mijn	 studies	 en	 in	 deze	


































































































































All	 currently	 known	high	 to	 intermediate	 risk	 “breast	 cancer	genes”,	 including	BRCA1	 and	
BRCA2,	are	involved	in	the	DNA	damage	response	pathway.	Heterozygous	germline	mutations	
in	these	genes	predispose	to	breast	and	ovarian	cancer.	In	addition,	such	mutations	may	also	
result	 in	enhanced	 radiosensitivity	mediated	by	chromosomal	 instability	after	exposure	 to	
ionizing	 radiation,	 leading	 to	 a	 higher	 risk	 to	 develop	 radiation-induced	 breast	 cancer.	
However,	results	of	currently	available	clinical	studies	evaluating	carcinogenesis	and	in	vitro	
studies	 comparing	 chromosomal	 radiosensitivity	 in	mutation	 carriers	 and	non-carriers	 are	
inconclusive.	Nevertheless,	 insights	 into	the	radiosensitive	phenotype	of	healthy	tissues	of	
mutation	 carriers	 is	 of	 the	 utmost	 importance	 for	 the	 safe	 use	 of	 ionizing	 radiation	 for	
diagnostic	 purposes	 or	 radiotherapy	 treatment.	 In	 this	 thesis,	 we	 evaluated	 in	 vitro	








in	 the	 G2/M	 cell	 cycle	 checkpoint.	 The	 G2	micronucleus	 assay	 allows	 evaluation	 of	 both	
functions	by	means	of	two	distinct	endpoints:	(1)	the	radiation-induced	micronucleus	yield,	
which	 reflects	 DNA	 double	 strand	 break	 repair	 capacity	 and	 (2)	 the	 G2/M	 checkpoint	
efficiency	ratio,	which	allows	evaluation	of	the	G2	arrest	capacity.		
	
Before	 applying	 the	 G2	 micronucleus	 assay	 on	 BRCA	 mutation	 carriers,	 the	 assay	 was	





with	 a	 heterozygous	 ATM	 mutation	 the	 radiosensitivity	 observed	 with	 this	 assay	 was	
intermediate	between	the	AT	patient	and	the	control	cohort.	
	
When	 applying	 the	 G2	micronucleus	 assay	 on	 lymphocytes	 of	 healthy	BRCA1/2	mutation	
carriers,	we	demonstrated	significantly	enhanced	radiation-induced	MN	yields	in	both	BRCA1	













functionality	 and	 radiosensitivity.	 To	 this	 end,	 a	 radiation-induced	 RAD51	 foci	 assay	 was	
optimized	 in	 a	 breast	 epithelial	 cell	 line	 (MCF10A)	 expressing	 ±50%	 reduced	 BRCA1	 and	
BRCA2	 protein	 levels,	 obtained	 by	 RNA	 interference.	 RAD51	 foci	 were	 analyzed	 in	 cells	
synchronized	in	S	phase	by	aphidicolin	as	HR	is	upregulated	during	this	phase	of	the	cell	cycle.	
We	demonstrated	significantly	reduced	RAD51	foci	formation,	and	thus	impaired	HR	capacity,	
in	 response	 to	 the	 induction	 of	 radiation-induced	 double	 strand	 breaks	 in	 the	 BRCA	
knockdown	 cells	 compared	 to	 control	 cells.	 As	 no	 overlap	 in	 RAD51	 foci	 distribution	 is	












might	 assist	 in	 the	 evaluation	 of	 these	 putative	 splicing	 variants.	 However,	 further	
optimization	 is	 warranted	 to	 allow	 reliable	 application	 outside	 the	 highly	 conserved	
consensus	splice	sites.	
	
The	 results	 obtained	 in	 this	 thesis	may	 indicate	 that	 care	 should	be	 taken	when	 applying	







betrokken	bij	 het	herstel	 van	DNA	 schade.	 Individuen	met	een	 kiembaan	mutatie	 in	deze	
genen	hebben	dus	niet	alleen	een	hoger	risico	op	het	ontwikkelen	van	borstkanker,	ze	worden	
mogelijks	 ook	 gekenmerkt	 door	 een	 verhoogde	 stralingsgevoeligheid	 gelinkt	 aan	
chromosomale	 instabiliteit;	 daardoor	 is	 de	 kans	 op	 het	 ontwikkelen	 van	 een	
stralingsgeïnduceerde	tumor	voor	deze	individuen	eventueel	groter.	Echter,	klinische	studies	
die	 carcinogenese	 evalueren	 in	 mutatie	 dragers	 of	 in	 vitro	 studies	 die	 de	 chromosomale	
stralingsgevoeligheid	 in	 de	 aanwezigheid	 van	 een	 mutatie	 nagaan	 na	 blootstelling	 aan	






De	 eerste	 test,	 de	G2	micronucleus	 assay,	 is	 een	 cytogenetische	 test	waarbij	micronuclei	
worden	 geanalyseerd	 in	 cellen	 bestraald	 in	 de	 G2	 fase	 van	 de	 celcyclus.	 Deze	 test	 werd	
ontwikkeld	 voor	 de	 evaluatie	 van	 de	 stralingsgevoeligheid	 in	 lymfocyten	 met	 een	
heterozygote,	inactiverende	mutatie	in	BRCA1	of	BRCA2.	BRCA1	en	BRCA2	zijn	immers	beiden	
betrokken	in	homologe	recombinatie	(HR),	een	belangrijke	pathway	voor	het	herstellen	van	
DNA	 dubbelstrengbreuken.	 Deze	 pathway	 is	 vooral	 actief	 in	 de	 late	 S	 en	 G2	 fase	 van	 de	
celcyclus.	 Daarenboven	 is	 BRCA1	 ook	 betrokken	 in	 de	 activatie	 van	 de	 G2/M	 celcyclus	
checkpoint.	De	G2	micronucleus	assay	maakt	het	mogelijk	om	beide	 functies	 te	evalueren	
door	middel	van	2	unieke	eindpunten:	(1)	de	stralingsgeïnduceerde	micronucleus	opbrengst,	




gevalideerd	 in	 een	 patiënt	 met	 Ataxia	 Telangiectasia	 (AT).	 AT	 patiënten	 worden	 immers	
gekenmerkt	worden	door	een	uitgesproken	verhoogde	stralingsgevoeligheid.	Daarenboven	is	
ATM,	 het	 gen	 gemuteerd	 in	 deze	 patiënten,	 net	 als	BRCA1	 en	BRCA2,	 betrokken	 in	 DNA	
dubbelstrengbreuk	herstel	en	G2/M	checkpoint	activatie.	Bij	de	AT	patiënt	werd	een	sterk	
verhoogde	 stralingsgevoeligheid	 waargenomen	 met	 beide	 eindpunten	 van	 de	 G2	
micronucleus	assay.	Verder	werd	ook	vastgesteld	met	deze	 test	dat	 familieleden	met	een	
heterozygote	ATM	mutatie	 een	 verhoogde	 stralingsgevoeligheid	 vertoonden,	 intermediair	
tussen	de	AT	patiënt	en	de	controle	groep.		
	
Wanneer	 de	 G2	 micronucleus	 assay	 werd	 toegepast	 op	 lymfocyten	 van	 gezonde	 BRCA	




BRCA2	 mutatiedragers.	 Daarnaast,	 werd	 ook	 aangetoond	 dat	 lymfocyten	 van	 BRCA1	
mutatiedragers	een	verminderde	G2	arrest	capaciteit	bezitten.	Familieleden	die	de	familiale	
mutatie	 niet	 dragen,	 vertoonden	 geen	 verhoogde	 stralingsgevoeligheid.,	 Hoewel	 een	
significante	 verhoogde	 stralingsgevoeligheid	 voor	 mutatiedragers	 ten	 opzichte	 van	 een	
controlegroep	 werd	 bevestigd,	 bleek	 het	 niet	 mogelijk	 om	 op	 individueel	 niveau	







een	 stralingsgeïnduceerde	 RAD51	 foci	 assay	 geoptimaliseerd	 in	 een	 borstepitheel	 cellijn	
(MCF10A)	 met	 ±50%	 gereduceerde	 BRCA1	 en	 BRCA2	 eiwit	 niveaus.	 RAD51	 foci	 werden	




geobserveerd	 tussen	 de	 distributies	 van	 RAD51	 foci	 in	 controle	 cellen	 en	 cellen	met	 een	
reductie	in	BRCA1	of	BRCA2	eiwit.	Dit	laat	vermoeden	dat	deze	assay	een	betere	discriminatie	
tussen	normale	cellen	en	cellen	met	een	heterozygote	BRCA1/2	mutatie	zou	kunnen	toelaten	





ongekende	 significantie	 gedetecteerd.	 Aangezien	 het	 onduidelijk	 is	 of	 deze	 varianten	
geassocieerd	zijn	met	een	verhoogd	borstkanker	risico	wordt	adequate	genetische	counseling	
in	 personen	 met	 zo’n	 variant	 sterk	 bemoeilijkt.	 mRNA	 analyse	 om	 de	 impact	 van	 deze	
varianten	 op	 correcte	mRNA	 splicing,	 een	 sterk	 geconserveerd	 proces,	 na	 te	 gaan,	 is	 een	
strategie	 om	de	pathogeniciteit	 van	deze	 varianten	 te	 evalueren.	 In	 deze	 thesis	werd	het	
effect	op	cDNA	niveau	van	21	potentiële	splice	site	varianten	in	BRCA1	en	BRCA2	nagegaan.	



































































































































































However,	 composition	 evolves	 pending	 on	 age	 and	 hormones.	 The	mammary	 glands	 are	
modified	sweat	glands	present	 in	both	sexes	but	only	functional	 in	 lactating	females.	Each	
gland	 consists	 of	 15	 to	 25	 lobes	 and	 each	 lobe	 consists	 of	 smaller	 units,	 called	 lobules	







Breast	 cancer	 is	 usually	 derived	 from	 the	 epithelial	 cells	 lining	 the	 ducts	 and	 lobules.	








on	 three	 characteristics:	 the	 tumor	 size	 (T),	 the	 invasion	 of	 the	 lymph	nodes	 (N)	 and	 the	































































dense	 breasts	 contain	 a	 high	 percentage	 of	 glandular	 and	 connective	 tissue	whereas	 less	
dense	breast	contain	a	higher	portion	of	fat.	The	meta-analysis	by	Mccormack	demonstrated	
that	increasing	breast	density	is	associated	with	an	increased	breast	cancer	risk,	which	is	as	







group	1	 carcinogen	 for	 breast	 and	other	 types	of	 cancer,	meaning	 that	 there	 is	 sufficient	
evidence	 that	 the	 compound	 is	 carcinogenic	 to	humans	 (IARC	2016).	Repetitive	moderate	
(approx.	one	drink/day)	or	high	(>	one	drink/day)	alcohol	intake	confers	in	an	elevated	risk	of	
breast	 cancer	 (Relative	 risk	 (RR)	 =	 1.3	 (95%	CI:	 1.1	 –	 1.7)	 and	 RR	 =	 1.6	 (95%CI:	 1.3	 –	 2.0	
respectively))	(Rice	et	al.	2016).	Another	life	style	factor	influencing	breast	cancer	risk	is	body	
weight.	Interestingly,	childhood	and	adolescent	obesity	is	associated	with	a	lower	pre-	and	




















medical	 setting.	 After	 all,	 these	 studies	 provide	 data	 in	 a	 non-Japanese	 cohort	 and	
demonstrate	the	effect	of	various	organs	receiving	various	doses.	Furthermore,	organ	specific	































































chromosome	 13q13	 (Strachan	 &	 Read	 2011).	 Compared	 to	 BRCA1,	 BRCA2	 holds	 less	
preserved	domains,	despite	being	a	larger	protein.	In	addition,	BRCA2	has	fewer	interaction	
partners	and	 is	predominantly	 involved	 in	homologous	 recombination	 (HR),	a	specific	DSB	
repair	pathway	(Roy	et	al.	2012;	Narod	&	Foulkes	2004).	An	overview	of	functional	domains	






protein	 containing	 two	 distinct	 functional	 domains	 being	 an	 amino-terminal	 coiled-coil	










mutation	 carriers	 can	 be	 explained	 by	 differences	 in	 genotype,	 genetic	 modifiers	 and	





















The	cumulative	risk	of	 female	mutation	carriers	 is	 just	short	of	50%	by	the	age	of	70.	This	










have	demonstrated	 that	 BRCA1	 and	BRCA2	haploinsufficiency	 is	 sufficient	 to	 compromise	
















stature,	 developmental	 delay	 and	 cancer.	 Identification	 of	 this	 disorder	 is	 performed	 by	
























In	 the	 frame	 of	 this	 thesis,	ATM	will	 be	 discussed	 elaborately.	ATM	 (ataxia	 telangiectasia	







recent	 review.	 The	 lifetime	 risk	 of	 developing	 breast	 cancer	 for	 female	 carriers	 is	 38%,	













predisposition,	 predominantly	 from	 lymphoid	origin	 (Teive	 et	 al.	 2015;	 Taylor	 et	 al.	 2015;	
Kühne	et	al.	2004).	AT	is	also	linked	with	an	increased	serum	 a-fetoprotein	level,	which	is	
used	in	diagnostic	testing	(Schieving	et	al.	2014).	Incidence	is	estimated	to	be	between	one	in	
40	000	 to	one	 in	200	000	births	depending	on	 the	population	 (Shiloh	&	Lederman	2017).	
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“Multiple	 sequencing	 panels,	 or	 gene	 panels,	 are	 an	 important	 tool	 to	 evaluate	 genetic	
variation	that	may	be	associated	with	an	 increased	risk	of	breast	cancer.	Given	the	recent	





mutations.	 For	 instance,	 many	 studies	 on	 pleiotropic	 tumor	 syndromes	 (like	 Li	 Fraumeni,	
Cowden	syndrome	neurofibromatosis	type	1,	etc.)	in	which	breast	cancer	is	only	one	feature,	
are	 subject	 to	 ascertainment	 bias	 and	 may	 therefore	 overestimate	 the	 associated	 risk.	
Furthermore,	 there	 are	 problems	 of	 publication	 bias,	 in	 which	 negative	 studies	 are	 not	
published.	Many	gene-discovery	studies	oversample	for	early-onset	cases	of	disease	or	cases	
with	a	family	history.	This	leads	to	seriously	biased	risk	estimates	unless	the	ascertainment	is	
allowed	 for	 in	 the	 analysis.	Moreover,	 risk	 estimates	 based	 on	 data	 from	 highly	 selected	
families	may	not	reflect	the	true	“average”	risk	for	all	carriers	of	pathogenic	variants.	
	






in	 patients	 with	 ovarian	 cancer	 evidence	 is	 emerging	 to	 include	 also	 genes	 like	 RAD51C,	
RAD51D	 and	 BRIP1	 (personal	 communication).	 However,	 exact	 risk	 assessments	 are	 not	
available.	Recently,	NCCN	published	recommendations	for	genetic	testing	and	counseling	for	
hereditary	 breast/ovarian	 cancer	 syndromes	 and	 risk	 management	 recommendations	 for	








but	 as	 risks	 associated	 with	 different	 mutations	 in	 these	 genes	 are	 still	 unclear,	 genetic	
counseling	is	a	challenge.	In	order	to	achieve	risk	assessments	for	these	genes	in	large	cohorts,	
multicenter	studies	have	been	started.	Results	of	those	studies	will	either	confirm	or	rule	out	









For	 all	 above	 discussed	 high	 risk	 genes,	 risk	 assessment	 is	 based	 on	 the	 presence	 of	
deleterious	mutations.	These	incline	the	loss	of	function	of	one	allele,	either	due	to	frameshift	







However,	 due	 to	 an	 evolution	 in	 sequencing	 technologies,	 the	 number	 of	 individuals	
undergoing	screening	drastically	increased	and	led	to	a	significant	rise	in	the	number	of	VUS	
(Kraus	et	al.	2017).	The	detection	of	a	VUS	 is	a	challenge	 for	health	care	providers	as	 the	
impact	on	breast	or	ovarian	cancer	risk	is	unclear.	For	missense	variants,	a	large	number	of	
functional	 tests	 have	 been	 proposed	 (Millot	 et	 al.	 2012;	 Hendriks	 et	 al.	 2014) but	 the	
implementation	on	a	large	scale	in	a	clinical	diagnostic	setting	is	not	feasible.	Messenger	RNA	





regulated	 process	 orchestrated	 by	 the	 spliceosome,	 which	 is	 a	 complex	 formed	 by	 small	
nuclear	 ribonucleoproteins	 (snRNP),	 each	 composed	 of	 small	 nuclear	 RNA	 and	 associated	
proteins	(see	Figure	1.7).	Accurate	splicing	relies	on	conserved	areas	in	the	intron	and	exon.	
The	 best-defined	 regions	 necessary	 for	 accurate	 splicing	 are	 the	 highly	 conserved	
dinucleotides	at	the	splice	donor	and	acceptor	sites	situated	at	the	intron	boundaries.	Splicing	
is	 furthermore	guided	by	the	conserved	adjacent	sequences	and	the	branch	point.	Finally,	









codon	 leads	 to	NMD.	 Aberrant	 splicing	 of	 putative	 variants	 can	 be	 evaluated	 in	 silico,	 by	








Breast	 cancer	 screening	 is	 predominantly	 performed	 by	 mammography	 screening.	
Mammography	 screening	uses	 low	energy	X-rays,	 typically	28-30kV,	 to	 image	 the	breasts.	
Usually,	two	images	are	taken	from	each	breast	resulting	in	a	mean	glandular	dose	between	
3.7	and	4.7	mGy.	Digitalization	of	mammography	screening	 tends	 to	 result	 in	 lower	doses	
(Gillet	et	al.	2011;	Hendrick	2010).	The	screening	enables	physicians	to	detect	breast	cancer	
before	clinical	symptoms	appear	(see	Figure	1.8),	thus	allowing	an	early	treatment	and	a	good	
survival	 rate.	 However,	 one	 has	 to	 take	 into	 account	 the	 disadvantages	 of	 this	 screening	
method.	Disadvantages	include,	but	are	not	limited	to,	the	false	positive	and	false	negative	
results,	 treatment	 of	 tumors	 that	 would	 not	 progress	 in	 life	 threatening	 cancer	 and	 the	
possibility	that	the	ionizing	radiation-based	screening	method	can	result	in	radiation-induced	










the	 use	 of	 ionizing	 radiation	 and	 are	 usually	 offered	 to	 women	 at	 high	 risk.	 The	 use	 of	
ultrasound	 usually	 results	 in	 high	 number	 of	 false	 positives	 and	 often	 accompany	
mammography	 screening.	 However,	 the	 application	 in	 breast	 cancer	 screening	 is	 not	
recommended	(Gillet	et	al.	2011).	MRI	has	proven	to	be	a	high	sensitivity	screening	tool	for	
women	 at	 high	 risk	 and	 is	 implemented	 in	 breast	 cancer	 screening,	 often	 in	 addition	 to	



















































three	 founder	 mutations	 in	 BRCA1	 and	 BRCA2	 in	 this	 population	 (McClain	 et	 al.	 2005).	
Individuals	with	a	raised	risk	are	offered	a	yearly	mammogram	between	the	ages	of	40-49	and	
a	two-yearly	mammogram	between	50	and	69	years	(see	Figure	1.9).	Individuals	at	high	risk	


















The	best	 option	 for	 breast	 cancer	 treatment	 depends	 on	 several	 factors	 including:	 breast	
cancer	type,	tumor	size,	the	possible	invasion	of	lymph	nodes,	the	presence	of	metastasis	and	
the	presence	of	hormonal	receptors	on	the	tumor	cell	surface.	Treatment	strategies	include	
systemic	 treatment	 or	 a	 more	 local	 approach.	 Local	 treatment	 options	 comprise	 surgery	
and/or	radiotherapy.	The	goal	of	radiotherapy	is	to	deliver	a	sufficiently	high	dose	of	ionizing	























ejecting	one	or	more	orbital	electrons.	 It	 is	 characterized	by	a	 localized	 release	of	a	 large	










LET	 is	 the	 ratio	between	energy	deposition	and	 the	 corresponding	path	 length	 in	units	of	
keV/microM.	 It	 depends	on	 several	parameters	 including	 velocity	of	 the	particle.	 Low-LET	
radiation	 includes	 electrons	 and	 electromagnetic	 waves	 such	 as	 X-rays	 and	 g-rays	 and	
produces	a	limited	number	of	ionizations	and/or	excitations	throughout	the	cell	(See	Figure	

















ejected	 electron	 interacts	 directly	 with	 the	 DNA	 (see	 Figure	 1.11).	 Damage	 may	 also	 be	
inflicted	 in	an	 indirect	manner.	 In	this	process,	the	ejected	electron	 interacts	with	a	water	
molecule	producing	a	free	radical	(e.g.	reactive	oxygen	species)	which	damages	the	DNA	(see	
Figure	1.11).	As	80%	of	the	cell	consists	of	water,	indirect	damage	to	the	DNA	is	much	more	
likely	 to	 occur	 than	 direct	 damage.	 Furthermore,	 the	 ratio	 direct/indirect	 damage	 also	
depends	on	the	type	of	radiation	used.	High-LET	ionizing	radiation	will	result	in	more	direct	








Figure	 1.11:	 Schematic	 visualization	 of	 direct	 and	 indirect	 induced	DNA	 lesions	 by	 ionizing	
radiation	(Pouget	&	Mather	2001).	
	







































mGy)	and	severity	 is	directly	 linked	to	 the	dose.	These	effects	and	the	dose	threshold	are	







The	second	category	 is	 the	stochastic	effect.	The	best	known	and	most	 studied	stochastic	
effect	is	cancer.	There	is	no	dose	limit	for	this	effect	and	it	only	appears	several	years	after	
the	original	exposure.	Furthermore,	the	risk,	but	not	the	severity,	 is	 linked	with	 increasing	
doses.	Cancer	risk	is	well	documented	for	doses	above	100	mGy	(see	Figure	1.12)	and	follows	









doses	 (below	10	mGy)	of	 ionizing	 radiation	 remains	difficult.	However,	understanding	 the	
impact	of	(very)	low	doses	of	ionizing	radiation	is	important	as	exposure	to	ionizing	radiation	
for	 diagnostic	 purposes	 is	 situated	mainly	 in	 this	 (very)	 low	dose	 range	 (see	 Figure	 1.12).	
Although	the	effect	of	low	dose	exposure	as	used	in	diagnostic	X-rays	might	be	small,	it	could	
still	result	 in	a	large	impact	when	applied	to	a	large	cohort	(e.g.	population	screening	with	


















cells	 or	 tissue.	One	 effect	 to	 take	 into	 account	when	 investigating	 the	 effect	 of	 low	dose	
radiation	exposure	is	low	dose	hypersensitivity	(see	Figure	1.13).	This	phenomenon	might	be	
caused	by	the	bystander	effect,	which	is	based	on	the	induction	of	ionizing	radiation-linked	
effects	 in	non-targeted	cells	and	 involves	 intercellular	communication	via	 intercellular	gap	
junctions	or	release	of	cellular	mediators	in	the	medium.	It	is	only	relevant	at	lower	doses,	as	
not	 all	 cells	 will	 be	 hit	 by	 the	 ionizing	 radiation	 directly.	 On	 the	 other	 hand,	 low	 dose	
hypersensitivity	might	 also	be	 the	 result	 of	 increased	 cell	 lethality	 at	 very	 low	doses	 as	 a	






counterparts,	 namely	 radioadaptation,	 threshold	 hypothesis	 and	 beneficial	 low-level	
radiation	 effects	 (hormesis),	 imply	 an	 overestimation	 by	 the	 linear	 no	 threshold	 risk	
extrapolation	model.	Radioadaptation	suggests	that	small	doses	of	ionizing	radiation	(below	


























Generally	 used	 in	 the	 context	 of	 the	 reaction/damage	 to	 non-target	
tissues	 as	 a	 consequence	 of	 radiotherapy	 for	 cancer	 and	 other	







induced	 cancer	 in	 specific	 tissues.	 It	 is	 measured	 in	 epidemiological	
(human)	 studies	 or	 experimental	 animal	 carcinogenesis	 studies.	







from	 epidemiological	 studies	 and	 is	 generally	 considered	 in	 terms	 of	



















on	the	 type	of	DNA	damage,	a	general	pattern	can	be	 identified.	This	pattern	 inclines	 the	



















3.3.1)	 (Matt	 &	 Hofmann	 2016;	 Awasthi	 et	 al.	 2015;	 Rupnik	 et	 al.	 2010).	 The	 subsequent	
signaling	 cascade	 will	 determine	 the	 ultimate	 cellular	 response.	 The	 cellular	 response	
includes,	 but	 is	 not	 limited	 to,	 repair	 of	 the	 induced	 DNA	 damage	 via	 appropriate	 repair	
mechanisms	 (discussed	 in	 chapter	 3.3.2),	 activation	 of	 checkpoints	 to	 delay	 cell	 cycle	



































the	 genome	 within	 an	 acceptable	 time	 frame,	 replication	 starts	 at	 several	 100	 to	 1000	
replication	origins.	At	each	site,	a	pre-replicative	complex	(pre-RC)	initiates	unwinding	of	the	
DNA	 double	 helix	 by	 means	 of	 helicases	 at	 the	 replication	 origin	 (see	 Figure	 1.16).	
Furthermore,	 the	pre-RC	recruits	B-family	DNA	polymerases	to	the	site.	This	 results	 in	 the	
formation	of	replication	forks	(Takeda	&	Dutta	2005;	Lodish	et	al.	2007).	The	DNA	replication	
fork	is	in	essence	the	unwound	DNA	complete	with	all	necessary	proteins	of	the	replication	
machinery	 (see	Figure	1.16).	 The	 replication	 fork	always	proceeds	 from	5’	 to	3’	 along	 the	
leading	strand	for	which	duplication	can	progress	continuously,	starting	from	one	RNA	primer,	
by	 DNA	 polymerase.	 The	 lagging	 strand	 is	 duplicated	 in	 smaller,	 discontinuous	 segments,	
called	Okazaki	fragments.	Each	fragment	is	formed	by	an	RNA	primer	(created	by	primase)	
and	 subsequent	 elongated	 by	 DNA	 polymerase.	 RNA	 primer	 fragments	 are	 subsequently	
		 44	
replaced	with	DNA	by	the	DNA	polymerase	of	the	adjacent	fragment	and	subsequent	ligation	











Not	 only	 proper	 DNA	 duplication	 itself	 is	 a	 challenge	 for	 the	 replication	machinery,	 also	
unresolved	DNA	damages	form	a	challenge.	These	obstacles	lead	to	slowing	or	stalling	of	the	
replication	fork,	also	referred	to	as	replication	stress.	The	cell	has	the	possibility	to	rely	on	
other	 replication	 origins	 to	 finish	 replication	 or	 can	 activate	 replication-stress-response	










In	 the	 G2	 phase	 of	 the	 cell	 cycle	 the	 cell	 contains	 a	 double	 DNA	 content.	 This	 phase	 is	


































The	 G1/S	 checkpoint	 prevents	 cells	 from	 starting	 DNA	 synthesis	 when	 DNA	 damage	 is	
detected.	 Upon	 detection	 by	 MRN	 and	 ATM	 of	 the	 DSB	 in	 the	 G1	 phase,	 a	 fast	 p53-
independent	 and	a	 slower	p53-dependent	pathway	 result	 in	 the	 inactivation	of	 the	 cyclin	





















The	 M	 phase	 checkpoint	 is	 important	 for	 proper	 execution	 of	 the	 mitosis	 rather	 than	
















CtIP	 and	 Exo1	 leading	 to	 single	 strand	 fragments.	 The	 double	 strand	 break	 activates	 ATM,	
whereas	 the	single	 strand	DNA	results	 in	ATR	activation.	ATM	activates	chk2	and	 results	 in	
Cdc25	phosphorylation.	However,	downstream	accumulation	of	p21	via	p53	is	interrupted	by	
ubiquitin	 ligase.	 ATR	 on	 the	 other	 hand	 activates	 Chk1,	 leading	 to	 both	 Cdc25A	 inhibition	
(phosphatase)	and	Wee1	(kinase)	activation.	As	during	G1	phase,	inactive	phosphatase	cdc25A	

























Activation	 of	 the	 DNA	 damage	 response	 begins	 with	 the	 detection	 of	 the	 DNA	 damage.	
Pending	on	the	type	of	DNA	damage,	specific	proteins	will	detect	and	signal	its	presence	to	



















or	 short	 overhangs	 are	 needed.	 Presence	 of	 long	 overhangs	 (25	 nucleotides	 and	 more),	
inhibits	 ATM	 activation	 and	 initiates	 ATR	 activation	 (Matt	 &	 Hofmann	 2016;	 Paull	 2015).	
Activated	ATM	subsequently	activates	an	array	of	proteins	needed	for,	amongst	others,	DNA	
















recruits	 DNA-PKcs	 (DNA-dependent	 protein	 kinase;	 catalytic	 subunit)	 to	 the	 damage	 site.	
		 50	










NHEJ	are	 the	binding	of	 the	Ku70/Ku80	heterodimer	 to	 the	DSB	site	and	 recruitment	and	
activation	of	the	catalytic	subunit	of	DNA-dependent	protein	kinase	(DNA-PKcs)	(Walker	et	al.	
2001)	 (see	 Figure	 1.19).	 DNA-PKcs	 undergoes	 autophosphorylation	 and	 subsequently	
phosphorylates	an	array	of	DDR	proteins,	thereby	regulating	c-NHEJ	(Chan	&	Chen	2002).	It	
recruits	 and	 phosphorylates	 Artemis	 nuclease	 to	 resolve	 damaged	 DNA	 ends	 of	 complex	
breaks,	for	example	induced	by	ionizing	irradiation	(Deriano	&	Roth	2013).	Furthermore,	DNA-



































those	 proteins	 is	 BRCA1.	 BRCA1	 subsequently	 coordinates	 recruitment	 of	 BRCA2	 and	 its	
binding	partner	PALB2	to	the	DSB	site.	BRCA2,	assisted	by	RAD52,	PALB2	and	BRCA1,	mediates	
HR	by	loading	of	RAD51	on	the	ssDNA,	thus	replacing	RPA	(Liu	et	al.	2010;	Mladenov	et	al.	






















The	 second	 pathway,	 synthesis-dependent	 strand	 annealing	 (SDSA)	 (see	 Figure	 1.21	 left	
























to	 repair	 radiation-induced	 DSB.	 To	 date,	 there	 are	 three	 main	 alternative	 pathways	
described:	Alternative	NHEJ	(Alt-EJ)	(also	referred	to	as	theta-mediated	end	joining	(TMEJ)	or	





Alternative	 end-joining	 (Alt-EJ)	 starts	 with	 the	 binding	 of	 PARP1	 (poly	 (ADP-ribose)	
polymerase	 1)	 to	 the	 DSB	 site	 where	 it	 competes	 with	 the	 Ku70/Ku80	 heterodimer.	 The	









DSB	 site	 in	 alt-NHEJ,	which	 stabilizes	 the	ends	of	 the	DSB,	 and	 the	 slower	 repair	 kinetics,	








(usually	 2-4	 nt)	 for	 DNA	 alignment,	 possibly	 catalyzed	 by	 polymerase	  q,	 and	 subsequent	
ligation.	Microhomology-mediated	end-joining	(MMEJ)	has	also	been	described	as	a	backup	
repair	 pathway	 and	 demonstrates	 large	 resemblance	 with	 microhomology-driven	 alt-EJ.	
MMEJ	would	require	larger	homologous	fractions,	typically	six	to	20	nucleotides,	but	it	also	
relies	on	DNA	end	resection	and	proteins	such	as	PARP1,	ligase	1	and	ligase	3.	Whereas	MMEJ	












































of	PARP1	 instead	of	Ku70/Ku80	 to	 the	DSB	promotes	alt-EJ	or	HR.	 Furthermore,	PARP1	 is	
involved	in	the	resolution	of	stalled	replication	forks	(see	Figure	1.24	I	&	J).	PARP1	binds	to	
stalled	replication	forks	where	it	aids	in	recruitment	of	the	MRN	complex	and	initiations	of	
HR	 (Khodyreva	 &	 Lavrik	 2016;	 Pommier	 et	 al.	 2016).	 Finally,	 PARP1	 also	 has	 a	 role	 in	




PARP	 inhibition	 is	 a	 targeted	 therapy	 which	 exploits	 HR	 deficiency	 in	 tumor	 cells.	 This	
characteristic	 is	 predominantly	 observed	 in	 BRCA1	 and	 BRCA2	 mutation	 carriers,	 as	 the	
second,	still	functional	allele	is	lost	in	tumor	cells	(loss	of	heterozygosity).	However,	tumors	
who	exhibit	 a	HR	deficiency	without	 the	germinal	mutation	 in	BRCA1	or	BRCA2,	 so	 called	













Medicines	 Agency	 (EMA)	 for	 treatment	 of	 advanced	 ovarian	 cancer	 due	 to	 a	 germline	 or	
somatic	BRCA1	or	BRCA2	mutation	carriers	(Brown	et	al.	2016;	Kim	et	al.	2015).	However,	














can	 also	 be	 induced	 to	 resolve	 blocked	 replication	 forks.	 The	 cell	 subsequently	 relies	 on	
factors	such	as	BRCA1	and	BRCA2	and	HR	to	resolve	these	induced	DSE	(see	Figure	1.24	F)	
(Pommier	 et	 al.	 2016;	 Zeman	 &	 Cimprich	 2014;	 Lim	 &	 Kaldis	 2013).	 PARP	 trapping	 is	
considered	more	deleterious	than	the	non-repaired	SSB.	However,	the	mechanisms	are	not	




heterozygous	cells	 still	express	BRCA1	and	BRCA2	and	 therefore,	HR	can	be	 initiated.	This	
ultimately	leads	to	tumor-specific	cell	death	and	is	referred	to	as	synthetic	lethality	as	only	































Boulton	 2014;	 Li	 &	 Xu	 2016).	 However,	 as	 discussed	 previously,	 the	 underlying	 ‘decision	
process’	 is	 not	 completely	 understood.	 Recent	 studies	 demonstrated	 that	 53BP1	 also	
promotes	MMEJ	during	G1	phase	of	the	cell	cycle.	End	resection	for	MMEJ	would	involve	the	
activation	of	the	MRN	complex	and	CtIP	appears	to	be	BRCA1	dependent	(Xiong	et	al.	2015).	
Furthermore,	 alt-EJ	 is	 also	 active	 in	 G1	 phase	 of	 the	 cell	 cycle	 as	 backup	 mechanism	
(Mladenov	 et	 al.	 2016).	 In	 addition,	 BRCA1	 might	 act	 in	 a	 cell	 cycle	 dependent	 manner	
according	to	Saha	and	Davis	(2016).	They	propose	a	key	role	for	BRCA1	in	promotion	of	precise	














Another	 factor	 influencing	 DSB	 repair	 is	 the	 complexity	 of	 the	 lesion.	 High-LET	 ionizing	
radiation	gives	rise	to	complex	DSB	lesions	containing	multiple	DSB,	SSB	and	base	damage.	
Whereas	more	simple	DSB	induced	by	low-LET	radiation	are	usually	rejoined	within	a	matter	
of	hours,	 	high-LET	DSB	 lesions	are	more	persistent,	 indicating	a	repair	 failure	(Lorat	et	al.	













DSB	repair	 is	 furthermore	complicated	by	 the	chromatin	 structure.	Variation	 in	chromatin	
structure	does	not	necessarily	influence	the	pathway	choice,	but	it	affects	the	repair	kinetics	
(Taleei	&	Nikjoo	2013).	DNA	undergoes	 several	 levels	of	 compaction	 to	 fit	 the	nucleus.	 In	
order	 to	 achieve	 this	 compaction,	DNA	 is	 complexed	with	 various	 proteins,	 histones,	 and	
subjected	to	coiling	and	supercoiling	to	form	chromatin.	Chromatin	occurs	in	two	different	
degrees	 of	 compaction.	 Euchromatin	 is	 an	 active	 and	 more	 extended	 state	 of	 DNA	
condensation	which	allows	for	transcription	of	genes.	Euchromatin	allows	for	variations	 in	
gene	expression	pending	on	cell	type	or	functional	requirements.	Heterochromatin,	on	the	
other	 hand,	 is	 highly	 condensed.	 Genes	 located	 in	 heterochromatin	 are	 typically	 not	
expressed	(Strachan	&	Read	2011).	Because	of	its	high	compaction,	DSB	in	heterochromatin	








If	 the	 DNA	 damage	 is	 too	 extensive	 and/or	 damage	 is	 irreparable,	 the	 cell	 can	 trigger	
proliferation	arrest	or	cell	death	instead	of	repair.	Apoptosis	is	a	highly	regulated	form	of	cell	
death	which	results	in	the	destruction	and	removal	of	the	damaged	cell	in	order	to	protect	











Apoptosis	 is	a	highly	organized	cell	death	pathway.	This	pathway	 results	 in	a	 the	efficient	
removal	of	damaged	cells	either	due	to	intrinsic	or	extrinsic	damage	(Matt	&	Hofmann	2016).	
Both	pathways	ultimately	result	in	caspase	activation	and	the	formation	of	apoptotic	bodies,	













While	 apoptosis	 is	 a	 highly	 regulated	 form	 of	 cell	 death,	 necrosis	 is	 a	 disorganized	 and	
unregulated	variant	of	 cell	destruction.	Necrosis	 is	 the	 result	of	profound	cellular	damage	
including	membrane	disruption,	organelle	degradation	and	cellular	swelling.	Necrosis	can	be	
induced	 following	 exposure	 to	 high	 doses	 of	 ionizing	 radiation,	 for	 example	 radiotherapy	
(Lehnert	 2008;	 Baumann	 et	 al.	 2009).	 However,	 Vandenabeele	 and	 his	 research	 group	
demonstrated	the	existence	of	a	controlled	necrosis	(Vercammen	et	al.	1998),	later	defined	












failure	 of	 the	 G2/M	 cell	 cycle	 checkpoint	 or	 centrosome	 hyperamplification	 (Eriksson	 &	
Stigbrand	2010).	Radiation-induced	mitotic	catastrophe	occurs	several	days	after	exposure	to	
ionizing	radiation	and	is	usually	the	result	of	failed	G2/M	arrest	capacity.	Activation	of	the	
mitotic	 checkpoint	 stops	 cell	 progression	 and	 induces	 caspase	 activation,	 predominantly	
caspase	 2,	 and	 mitochondrial	 damage.	 This	 ultimately	 leads	 to	 “delayed”	 apoptosis	 in	
metaphase	(Castedo	et	al.	2004;	Eriksson	&	Stigbrand	2010).		
	
Senescence	 is	 a	 controlled	 form	 of	 growth	 arrest.	 The	 best-known	 type	 of	 senescence	 is	
replicative	senescence,	which	 is	 the	 result	of	 telomere	attrition	by	 repeated	cell	divisions.	
DNA	damage	 induced	 senescence	 is	 triggered	by	ATM	and	ATR	activation,	promoting	p53	
















in	 the	 HR	 pathway	 (Roy	 et	 al.	 2012).	 An	 inadequate	 response	 to	 radiation-induced	 DNA	
damage	in	mutation	carriers	might	result	in	an	elevated	radiosensitivity	for	these	individuals.	
The	 possible	 enhanced	 radiosensitive	 phenotype	 of	 BRCA1	 and	 BRCA2	 mutation	 carriers	
compared	to	non-carriers	has	been	the	subject	of	extensive	research	as	it	may	have	important	












demonstrate	 a	 link	 between	 mutations	 in	 DNA	 damage	 response	 genes	 (BRCA1,	 BRCA2,	
CHEK2	 and	 ATM)	 and	 radiotherapy	 on	 the	 incidence	 of	 contralateral	 breast	 cancer.	
Unfortunately,	 they	 did	 not	 evaluate	 this	 link	 for	 BRCA1	 and	 BRCA2	 mutation	 carriers	
separately	(Broeks	et	al.	2007).		
	













to	 non-carriers	 cannot	 be	 excluded	 based	 on	 the	 contradictory	 data	 obtained	 in	 clinical	
studies	evaluating	the	effect	of	diagnostic	or	therapeutic	exposure	to	ionizing	radiation.	The	
observed	variation	can	be	attributed	to	differences	in	inclusion	criteria,	differences	in	follow-
up	 and	 limited	 power	 due	 to	 small	 cohorts.	 As	 proper	 studies	 are	 difficult	 to	 set-up	 and	





In	 vitro	 chromosome	 aberration	 assays	 are	 effective	 tools	 to	 investigate	 radiosensitivity.	
These	assays	are	generally	performed	on	peripheral	blood	lymphocytes	which	are	a	grateful	













sporadic	 breast	 cancer	 patients	 was	 not	 always	 performed.	 The	 study	 of	 Baeyens	 et	 al.	
previously	 demonstrated	 enhanced	 radiosensitivity	 in	 both	 breast	 cancer	 patients	 with	 a	
BRCA1/2	 mutation	 and	 sporadic	 breast	 cancer	 patients,	 suggesting	 that	 the	 enhanced	
radiosensitivity	might	not	be	the	result	of	the	mutation	but	might	be	inherent	to	the	cancer	






Another	 –	 relatively	 new	 –	 assay	 to	 study	 in	 vitro	 radiosensitivity	 in	 BRCA1	 and	 BRCA2	











































results	 in	 damage	 of	 both	 chromatids.	 Exposure	 to	 ionizing	 radiation	 after	 S	 phase	 yields	
chromatid	 aberrations	 and	 exposure	 during	 S	 phase	 leads	 to	 a	 mix	 of	 both	 aberrations.	



















individuals	 is	 evaluated	 in	 blood	 samples.	 On	 the	 other	 hand,	 the	 assay	 can	 be	 used	 to	
















variable	 background,	 the	 detection	 limit	 is	 about	 0.2	 Gy	 X	 or	 g-rays.	 One	 can	 distinguish	
between	 spontaneous	 and	 radiation-induced	 MN	 by	 means	 of	 a	 fluorescent	 in	 situ	





Figure	 1.27:	 Schematic	 visualization	 of	 MN	 formation	 in	 cells	 during	 nuclear	 division.	 The	
binucleated	 cell	 shown	 on	 this	 figure,	 obtained	 by	 blocking	 cytokinesis	 trough	 addition	 of	
cytochalasin	B,	holds	both	a	spontaneous	MN	(left)	and	a	radiation-induced	MN	which	is	the	





are	exposed	 to	 ionizing	 radiation	 in	G0	phase	of	 the	 cell	 cycle.	 Samples	 are	 subsequently	
stimulated	to	divide	by	the	addition	of	phytohemagglutinin	(PHA).	After	an	initial	incubation	
period	 of	 23	 h,	 cyto	 B	 is	 added	 to	 inhibit	 cytokinesis.	 The	 lymphocytes	 are	 subsequently	





MN	 slides	 can	 be	 stained	 with	 giemsa	 for	 light	 microscopy	 or	 DAPI	 (4',6-diamidino-2-
fenylindool)	 staining	 for	 fluorescence	microscopy	 analysis.	MN	 scoring	 can	 be	 performed	
























In	order	 to	 test	 the	G2/M	checkpoint	 capacity	of	 the	 lymphocytes,	 caffeine	 is	 added	 to	a	
subset	of	cultures.	The	addition	of	caffeine	results	in	an	overruling	of	the	G2/M	checkpoint	
by	 ATM	 inhibition.	 Subsequently,	 the	 ratio	 of	 the	 number	 of	MN	 in	 1000	 BN	 cells	 in	 the	
Part	I:	Introduction	–	Assays	to	measure	radiation-induced	DNA	damage	
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presence	 of	 caffeine	 over	 the	 number	 of	MN	 in	 1000	BN	 cells	 in	 the	 absence	 of	 caffeine	
indicates	the	checkpoint	efficiency.	This	is	the	second	endpoint	of	the	G2	micronucleus	assay.	
A	higher	 ratio,	 indicate	a	more	potent	 checkpoint	 capacity.	G2/M	checkpoint	analysis	has	








the	 phosphorylated	 histone	 variant	 H2AX	 (gH2AX),	 one	 of	 the	 earliest	 events	 in	 the	 DNA	
damage	response	activated	by	DSB	(see	3.3.1:	DNA	damage	detection	and	signaling).	Given	
that	the	phosphorylation	is	restricted	to	the	DSB	site	and	expands	over	several	100	to	1000	
histones,	 the	 DSB	 can	 be	 microscopically	 detected	 as	 a	 gH2AX	 focus	 after	 specific	
immunostaining.	Using	a	fluorescent	labelled	antibody,	these	foci	can	be	quantified	in	DAPI-
stained	nuclei.	This	can	be	done	in	a	manual	or	automated	modus,	for	example	by	means	of	
the	 Metafer	 4	 automated	 scanning	 platform	 and	 Metacyte	 software	 (Metasystems,	


























radiosensitivity	 associated	 with	 an	 increased	 carcinogenic	 risk	 after	 exposure	 to	 ionizing	
radiation.	Results	obtained	 in	 clinical	 studies	evaluating	 the	effect	of	medical	exposure	 to	
ionizing	radiation	are	however	inconclusive	and	cannot	exclude	a	possible	increased	cancer-
induction	 risk	 for	 mutation	 carriers.	 Also,	 studies	 analyzing	 in	 vitro	 chromosomal	
radiosensitivity	 in	 lymphocytes	 of	 healthy	 heterozygous	 mutations	 yielded	 inconsistent	
results.	Because	of	these	indecisive	results,	more	empirical	studies	are	needed	to	determine	
the	 radiosensitivity	phenotype	of	 individuals	 carrying	germline	mutations	 in	breast	 cancer	
predisposing	genes.	Better	 insights	 into	the	radiosensitive	phenotype	of	healthy	 tissues	of	









phase	 of	 our	 study,	 the	 G2	MN	 assay	 has	 been	 optimized	 in	 an	 AT	 patient	 with	 a	 mild	


















in	 a	 more	 distinct	 discrimination	 between	 the	 BRCA1	 and	 BRCA2	 knockdown	 cell	 lines,	
partially	deficient	in	HR,	and	the	control	cell	line.	
	





























































































































































































































































































































































































































































































































data	 from	 a	 kinase	 assay,	 and	 results	 from	 two	 chromosomal	 radiosensitivity	 assays.	
Genotyping	 revealed	 compound	 heterozygosity	 for	 ATM:	 c.8122G>A	 (p.Asp2708Asn)	 and	
c.8851-1G>T,	leading	to	an	in	frame	loss	of	63	nucleotides	at	the	cDNA	level.	A	kinase	assay	







demonstrated	 compared	 to	 healthy	 controls.	 In	 addition,	 the	G2	micronucleus	 assay	was	







Paper	 II:	 Increased	 chromosomal	 radiosensitivity	 in	 asymptomatic	 carriers	 of	 a	
heterozygous	BRCA1	mutation	






mutation	 carriers	 and	 compared	 with	 data	 from	 20	 healthy	 volunteers	 with	 no	 known	
personal	or	familial	breast	cancer	anamnesis.	A	significantly	radiation-induced	MN	yield	and	
G2/M	checkpoint	 ratio,	could	be	demonstrated	 for	 the	cohort	of	BRCA1	mutation	carriers	
compared	 to	 the	healthy	 volunteers.	 This	 points	 towards	 an	 impaired	DNA	 repair	 and	G2	
arrest	capacity	in	mutation	carriers.	In	a	second	phase	of	this	study,	a	link	between	increased	
individual	radiosensitivity	and	the	remaining	mRNA	level	of	the	mutant	allele	was	evaluated.	
Therefore,	 individual	 radiosensitivity	 of	 BRCA1	 mutation	 carriers,	 expressed	 as	 a	


















In	 this	 paper,	 radiosensitivity	 of	 a	 cohort	 of	 18	 healthy	 BRCA2	 mutation	 carriers	 and	 17	
























Paper	 V:	 Thorough	 in	 silico	 and	 in	 vitro	 cDNA	 analysis	 of	 21	 putative	BRCA1/2	 splice	
variants	and	identification	of	activated	cryptic	splice	donor	sites	in	exon	11	of	BRCA2	
Annelot	 Baert,	 Eva	Machackova,	 Ilse	 Coene,	 Carol	 Cremin,	 Kristin	 Turner,	 Cheryl	 Portigal-
Todd,	Marie	Jill	Asrat,	Jennifer	Nuk,	Allison	Mindlin,	Young	Sean,	Andree	MacMillan,	Tom	Van	




















































serum	 α-fetoprotein	 but	 no	 ataxia	 nor	 telangiectasias,	 no	 nystagmus	 or	 oculomotor	










showed	a	 stronger	 radiosensitive	phenotype	with	 this	assay	 than	heterozygous	carriers	of	
p.Asp2708Asn	(mutation	associated	with	residual	kinase	activity).		







fetoprotein	 levels	 and	 acquired	 7-	 and	 14-chromosome	 translocations	 in	 the	 lymphocyte	
karyotype.	In	addition,	A-T	is	characterized	by	clinical	and	cellular	hypersensitivity	to	ionizing	
radiation	(IR),	and	by	an	increased	risk	of	cancer	(Chen	et	al.	1978;	Lavin	2008).		
In	 recent	 years,	 it	 has	 become	 increasingly	 evident	 that	 the	 clinical	 phenotype	 of	 ataxia	
telangiectasia	 varies	 from	 a	 severe,	 early-onset	 classic	 phenotype	 to	 a	 variant	 form	with	
milder	neurological	impairment	and	fewer	systemic	symptoms	(Hiel	et	al.	2006;	Saviozzi	et	al.	


















enhanced	 susceptibility	 to	 cancer	may	occur.	DNA	DSB	can	be	 induced	by	endogenous	or	







PhosphoSite	 database:	 http://www.phosphosite.org/proteinAction.do?id=1393&showAllSites=true	 and	
phosphorylation	of	a	large	number	of	downstream	targets.	ATM	is	the	central	component	of	
the	signal	transduction	pathway	that	leads	to	cell	cycle	checkpoint	control	and	DNA	repair	
(Kurz	 and	 Lees-Miller	 2004).	 Consequently,	 A-T	 cells	 show	 cell	 cycle	 checkpoint	 defects	
following	irradiation	resulting	in	a	failure	of	the	cells	to	arrest	in	G1-S,	S	or	G2-M	in	order	to	
allow	proper	repair	of	DSB.	Xu	et	al.	(Xu	et	al.	2002)	showed	the	existence	of	2	distinct	G2/M	
checkpoints,	 involving	 different	 molecular	 effectors:	 (i)	 the	 “early”	 G2/M	 checkpoint,	
occurring	 immediately	after	 irradiation,	 is	ATM-dependent,	dose-independent	and	reflects	
the	 failure	 of	 cells,	 irradiated	 in	 G2,	 to	 progress	 into	 mitosis,	 and	 (ii)	 a	 “later”	 control	
mechanism,	measurable	only	several	hours	after	IR,	which	causes	G2	accumulation.	This	latter	




increase	 of	 chromosomal	 radiosensitivity	 are	 hallmarks	 of	 the	 A-T	 cellular	 phenotype.	
Although	an	enhanced	chromosomal	or	cellular	radiosensitivity	is	not	unique	for	A-T	patients	
-	it	is	also	observed	in	patients	carrying	mutations	in	other	DNA	damage	response	genes	(e.g.	




The	 cytogenetic	 assays	 that	 are	 mostly	 used	 to	 detect	 chromosomal	 radiosensitivity	 in	
patients	with	cancer-prone	genetic	disorders	and	in	cancer	patients	are	the	G0	micronucleus	
assay	and	the	G2	chromatid	break	assay	(reviewed	in:	(Baria	et	al.	2001;	Parshad	and	Sanford	




Although	 the	 above	 mentioned	 assays	 can	 be	 used	 as	 valuable	 functional	 tests	 to	
phenotypically	 complement	 the	 diagnosis	 of	 A-T	 in	 “classic”	 A-T	 patients	 (Pantelias	 and	
		 96	
Terzoudi	2011;	Terzoudi	et	al.	2009;	Tchirkov	et	al.	1997;	Vral	et	al.	1996;	Scott	et	al.	1996;	
Chen	 et	 al.	 1994;	 Sanford	 et	 al.	 1990),	 only	 scant	 data	 are	 available	 on	 the	












For	 this	 study	 EDTA	 and	heparinized	blood	 samples	were	 collected	 from	a	 patient	with	 a	
tentative	clinical	diagnosis	of	atypical	AT	and	from	her	family	members	(see	case	description	
in	results	section).	The	EDTA	samples	were	used	for	mutation	analysis	of	the	ATM	gene	and	









































of	 irradiated/sham-irradiated	 peripheral	 blood	 lymphocytes	 (PBL)	 were	 set	 up,	 and	 cell	
division	was	stimulated	by	addition	of	100	μl	phytohaemagglutinin	(PHA)	(Life	Technologies).	
24	h	after	irradiation,	cytokinesis	was	blocked	by	addition	of	6	ug/ml	cytochalasin	B	(Sigma	




be	 identified	as	binucleated	 (BN)	 cells.	 Fixed	 cells	were	 spread	on	a	microscope	 slide	and	















About	 48	 %	 of	 the	 BN	 cells	 were	 positively	 stained	 (and	 hence	 in	 the	 S-phase)	 while	 the	
remaining	BN	cells	(≈	52	%)	were	negative	(and	hence	in	the	G2	phase,	data	not	shown).		
In	 addition,	we	 added	4mM	caffeine	 (Sigma-Aldrich)	 to	blood	 cultures	of	 the	patient,	 the	
patient’s	 relatives	 and	 the	 healthy	 volunteers	 just	 before	 irradiation.	 Caffeine	 is	 an	 agent	
known	 to	 radiosensitize	 cells	 in	S	and	G2	by	abrogating	 the	ATM	dependent	 ‘early’	G2/M	
checkpoint,	and	by	decreasing	HR	(Terzoudi	et	al.	2009;	Wang	et	al.	2004).	The	ratio	of	MN	
yields	obtained	in	S-	and	G2-irradiated	lymphocytes	of	the	same	individual,	in	the	presence	
or	 absence	 of	 caffeine	 (ratio	 MNcaf+:MNcaf-),	 shows	 the	 efficiency	 of	 both	 the	 G2/M	
checkpoint	 and	 the	 HR	 repair	 system	 of	 an	 individual.	 This	 difference	 is	 defined	 as	 an	












underwent	 strabismus	 surgery.	 During	 childhood	 and	 adolescence	 she	 suffered	 from	
recurrent	sinopulmonary	infections.	A	neurological	clinical	examination	at	the	age	of	6-8	years	
showed	 choreo-athetosis	 and	 dystonia,	 dysarthria,	 slight	 drooling,	 no	 ataxia	 and	 normal	
tendon	reflexes.	EEG	and	brain	MRI	were	normal.	A	diagnosis	of	mild	dyskinetic	cerebral	palsy	
was	 made.	 She	 had	 no	 learning	 disabilities.	 At	 the	 age	 of	 10	 years	 normal	 results	 were	
obtained	 from	 routine	 and	metabolic	 investigations	 in	 blood	 and	 urine.	 Evoked	 potential	
examinations	(VER,	BAER,	SSER)	and	analysis	of	cerebrospinal	fluid,	including	5-HIAA	en	HVA,	
revealed	normal	 results.	A	 therapeutic	 trial	with	 L-dopa,	baclofen	and	 tetrazepam	had	no	
effect.	At	the	age	of	16	years	a	normal	cerebral	MRI	and	MR-spectroscopy	was	obtained.	At	
the	age	of	18	years	psychological	problems	 led	 to	a	 temporary	psychiatric	 treatment	with	
psychotherapy	and	psycho-active	drugs.	In	the	following	years	she	successfully	completed	a	
master’s	degree.	Clinical	examination	at	the	age	of	23	years	revealed	no	ocular	or	cutaneous	






unremarkable.	 No	 abnormalities	 were	 observed	 during	 the	 stance	 and	 gait	 examination,	
including	the	tandem	walking	test	and	one-leg	hop	test.		
As	 a	 variant	 form	 of	 ataxia-telangiectasia	may	 present	with	 extrapyramidal	 signs	without	
telangiectasias	nor	prominent	ataxia,	diagnostic	 tests	 for	 this	disease	were	performed.	An	
increased	value	for	serum	α-fetoprotein	(77.8	U/ml;	normal	value	<	5	U/ml)	was	found.	The	
patient	 was	 referred	 for	 genetic	 testing	 of	 the	 ATM	 gene.	 Karyotyping	 did	 not	 reveal	
rearrangements	 in	 chromosomes	 7	 and/or	 14	 by	 analysis	 of	 100	 mitoses.	 Hematologic	
investigations	showed	severe	IgA	deficiency,	unusual	in	atypical	A-T	patients	(Verhagen	et	al.	
		 100	
2009;	 Verhagen	 et	 al.	 2012).	 Besides	 the	 recurrent	 sinopulmonary	 infections	 she	 did	 not	






and	 her	 paternal	 niece	 (IV.1)	 for	 molecular	 analysis	 and	 analysis	 of	 the	 radiosensitive	
phenotype.	










Sequencing	 of	 the	 complete	 coding	 region	 of	 the	 ATM	 gene	 revealed	 compound	
heterozygosity	for	2	pathogenic	mutations	in	the	proband:	a	missense	mutation	in	exon	55,	
c.8122G>A	 (p.Asp2708Asn),	 inherited	 from	 her	 father,	 and	 a	 splice	 site	 mutation	 in	 the	
acceptor	site	of	exon	63,	c.8851-1G>T,	inherited	from	her	mother	(Figure	2).	These	findings	
confirm	the	diagnosis	of	a	variant	form	of	ataxia-telangiectasia	in	the	proband.	In	the	paternal	
niece	with	an	embryonal	 rhabdomyosarcoma	at	 the	age	of	7	years	heterozygosity	 for	 the	
missense	mutation	ATM	c.8122G>A	(p.Asp2708Asn)	was	shown.		
















































confirms	 the	 reduced	 level	 of	 ATM	 protein	 in	 her	 cells.	With	 regard	 to	 the	 ATM	 proteins	
present,	 there	 are	 three	 bands.	 The	 lowest	 one	 is	 probably	 non	 specific	 (it	 is	 seen	 in	 the	
classical	A-T	with	no	ATM).	The	largest	ATM	protein	is	probably	the	p.Asp2708Asn	from	the	
c.8122G>A	mutation	and	the	middle	band	from	the	c.8851-1G>T	resulting	in	loss	of	21	amino	










relatives	 (individuals	 III.16,	 III.17,	 IV.1	 from	 Figure	 1)	 and	 the	 healthy	 volunteers	 were	










average	 MN	 values	 of	 our	 reference	 curve.	 In	 the	 relatives,	 heterozygous	 for	 an	 ATM	
mutation,	and	in	the	three	healthy	donors	(data	of	the	healthy	donors	are	not	shown	in	Figure	
4	for	clarity	reasons),	the	MN	values	were	lying	within	the	95%	confidence	limits	(UCL,	LCL,	















A-T	patient	and	her	 relatives	were	compared	with	 the	MN	yields	 from	healthy	 individuals	
recruited	for	the	present	study.	The	results	of	the	S-G2	MN	assay	are	shown	in	Figure	5.	This	
figure	shows	the	fold	MN	increase	obtained	in	repeated,	independent	samplings	in	all	tested	
subjects.	 In	 the	 variant	 A-T	 patient,	 a	 4-fold	 increase	 in	 the	 MN	 yield	 (mean	 of	 three	
experiments)	was	 observed.	 This	 increase	 in	MN	 yield	 is	more	 pronounced	 than	 the	 one	
observed	with	the	G0	micronucleus	assay	(1.8-fold).	The	mother	of	the	patient,	carrying	the	
ATM	 c.8851-1G>A	 splice	 acceptor	 site	 mutation,	 showed	 a	 2.8-fold	 increase	 in	MN	 yield	














from	 the	 variant	 A-T	 patient,	 the	ATM	 heterozygous	 family	 members	 and	 seven	 healthy	
donors	are	presented.	In	healthy	donors,	a	mean	IRP	value	(μIRP)	of	3.86	±	1.00	(SD)	(range	













IRPs	 from	the	A-T	patient,	 from	the	heterozygous	 family	members	and	 from	seven	healthy	
donors	are	presented.	The	mean	IRP	reference	value	for	the	healthy	donor	group	(μIRP	±	1SD)	

















have	 an	 extended	 lifespan.	 Cancer	may	 occur	 later	 in	 life	 and	 generally	 consists	 of	 solid	
instead	of	lymphoid	malignancies.	Serum	α-fetoprotein	is	elevated	in	both	classic	and	variant	
A-T	 (Verhagen	et	 al.	 2009;	Verhagen	et	 al.	 2012),	but	not	 in	heterozygous	 carriers	 (Stray-
Pedersen	et	al.	2007).	The	patient	presented	here	was	found	to	be	immunologically	atypical,	





in	 the	paternal	branch	2	childhood	 tumors	were	 reported	 (Figure	1).	The	paternal	 cousin,	
diagnosed	with	 an	 embryonal	 rhabdomyosarcoma,	was	 found	 to	be	heterozygous	 for	 the	
ATM	missense	mutation	 p.Asp2708Asn.	 Sarcomas	 are	 an	 established	 entity	 in	 the	 cancer	
spectrum	 occuring	 in	 classical	 A-T	 patients.	 A	 further	 link	 between	 ATM	 and	
rhabdomyosarcoma	has	previously	been	established	based	on	the	frequent	observation	of	
complete	loss	of	ATM	expression	in	rhabdomyosarcoma	(Zhang	et	al.	2003).		






However,	 the	 phenotype	 of	 this	 patient	 was	 not	 given.	 Furthermore,	 ATM	 c.8122G>A	
(p.Asp2708Asn)	has	been	reported	as	a	somatic	mutation	in	lung	cancer	(COSMIC	database).		
A	 low	 level	of	 residual	kinase	activity	associated	with	the	ATM	 c.8122G>A	(p.Asp2708Asn)	
mutation	 has	 previously	 been	 observed	 in	 cells	 from	 another	 patient	 with	 this	 mutation	
(Reiman	 et	 al.	 2011).	 Modelling	 of	 the	 mutation	 and	 expression	 of	 the	 mutant	 ATM	
p.Asp2708Asn	 protein	 showed	 it	 to	 have	 some	 ATM	 kinase	 activity	 (Barone	 et	 al.	 2009).	







































and	Terzoudi	 2011;	 Terzoudi	 et	 al.	 2009)	where	 the	 cytogenetic	G2-assay,	 combined	with	
caffeine,	was	 applied	 on	 blood	 samples	 of	 A-T	 homozygote	 and	 heterozygote	 patients	 to	











maternal	branch	of	 the	 family,	 results	 in	a	more	radiosensitive	phenotype	and	absence	of	







and	 fast	 functional	 test	 to	 determine	 mutant	 ATM	 zygosity	 based	 on	 p53	 centrosomal	
localisation	visualised	by	immunofluorescence	staining	(Prodosmo	et	al.	2013).		
The	development	of	functional	assays	allowing	the	detection	of	ATM	heterozygous	carriers	
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mutation	 carriers	 is	 counterintuitive	 since	 BRCA1	 is	 active	 in	 the	 DNA	 damage	 response	
pathway.	The	aim	of	this	study	was	to	investigate	whether	healthy	BRCA1	mutations	carriers	
demonstrate	an	increased	radiosensitivity	compared	to	healthy	individuals.		
Methods:	We	 defined	 a	 novel	 radiosensitivity	 indicator	 (RIND)	 based	 on	 two	 endpoints	
measured	 by	 the	 G2	 micronucleus	 assay,	 reflecting	 defects	 in	 DNA	 repair	 and	 G2	 arrest	
capacity	after	exposure	to	doses	of	2	or	4Gy.	We	investigated	if	a	correlation	between	the	
RIND	score	and	nonsense-mediated	decay	(NMD)	could	be	established.	
Results:	We	 found	 significantly	 increased	 radiosensitivity	 in	 the	 cohort	 of	 healthy	BRCA1	
mutation	carriers	compared	to	healthy	controls.	In	addition,	our	analysis	show	a	significantly	



















Breast	 cancer	 (BC)	 is	 the	 most	 common	 malignancy	 in	 the	 Western	 world	
(http://www.who.int/cancer/detection/breastcancer/en/).	 Approximately	 15%	 of	 all	 BC	










with	 an	 increased	 carcinogenic	 risk	 after	 exposure	 to	 diagnostic	 or	 therapeutic	 ionzing	
radiation	 (IR).	 Several	 studies	 have	 shown	 that	 exposure	 to	 diagnostic	 X-rays	 may	 cause	
cancer	in	healthy	BRCA1	mutation	carriers	[8–11],	whereas	other	studies	could	not	detect	a	



















In	 the	present	 study,	we	applied	 the	G2	micronucleus	 assay	 to	 further	 elucidate	whether	
healthy	BRCA1	mutation	carriers	are	characterized	by	an	increased	 in	vitro	radiosensitivity.	
The	endpoints	of	the	study	were:	1)	micronucleus	yields,	and	2)	G2/M	checkpoint	efficiency	
































All	 patients	 selected	 for	 this	 study	 had	 a	 family	 history	 of	 breast/ovarian	 cancer	 and	 a	











The	addition	of	cytochalasin	B	 (Cyto	B),	an	agent	 that	blocks	 the	cytokinesis,	 to	 the	blood	
cultures	allows	 the	 identification	of	 first	division	 cells	 as	binucleated	 cells	 (BN).	A	non-	or	





























In	order	 to	assess	 the	overall	 radiosensitive	phenotype	of	each	patient,	a	RIND	score	was	
calculated.	The	mean	and	standard	deviation	(SD)	of	the	micronucleus	yield	and	the	G2/M	
checkpoint	efficiency	ratio	assessed	in	the	cohort	of	healthy	volunteers	served	to	determine	




naught	 (color-code	white).	For	 the	G2/M	checkpoint,	a	similar	conversion	of	 the	data	was	
performed,	with	a	value	lower	than	mean	checkpoint	ratio	assessed	in	controls	-	1SD	scored	
1	point	(color-code	orange),	mean	–	2	SD	scored	2	points	(color-code	red).	An	individual	value	














negative	 binucleated	 cells	were	 irradiated	 in	G2	phase.	We	 corrected	 for	 daughter	 nuclei	






cRPMI,	 FCS	 (10%),	 2-mercaptoethanol	 (0.1%,	 gibco®)	 and	 Sodium	 pyruvate	 (1%,	 life	
technologiesTM).	PHA	(10	μl/ml)	was	added	to	stimulate	cell	division.	At	day	7,	whole	RNA	was	
extracted	 using	 the	 QIAamp®RNeasy	 Mini	 kit	 (Qiagen)	 according	 to	 manufacturer’s	








To	determine	the	ratio	of	 the	mutant	BRCA1	allele	versus	the	wild	 type	 (WT)	allele	at	 the	
mRNA	 level,	 we	 performed	 PCR	 amplification	 and	 Sanger	 sequencing	 of	 the	 amplicon	
harbouring	 the	 germline	 mutation	 and	 a	 heterozygous	 SNP	 (c.2311T>C),	 if	 present.	 An	
overview	 of	 the	 primers	 used	 can	 be	 found	 in	 Additional	 File	 1.	 Sanger	 sequencing	 was	
performed	using	the	BigDye®	Terminator	Cycle	Sequencing	kit	(Life	TechnologiesTM).	PCR	was	
followed	by	ethanol	precipitation	and	fragments	were	dissolved	in	a	mix	of	Hi-DiTM	formamide	



















34].	 With	 the	 BrdU	 immunostaining	 experiments,	 we	 assessed	 that	 a	 post-irradiation	
incubation	 time	of	8	h	after	2	or	4	Gy	 irradiation	 resulted	 in	blood	cultures	 in	which	80%	
(±13%)	and	87%	(±3%)	binucleated	cells,	 respectively,	were	 in	G2	phase	(negative	at	BrdU	
staining)	 at	 the	 time	 of	 irradiation.	 In	 sham-irradiated	 samples,	 the	 percentage	 of	 BrdU-
negative	 binucleated	 cells	 was	 much	 lower	 (56%±8%).	 These	 observations	 suggest	 that	








































healthy	volunteers	 0Gy	 2Gy	 4Gy	 2Gy	 4Gy	
mean	 15	 61	 91	 2	 3.1	
SD	 10	 21	 29	 0.5	 0.8	
SEM	 2	 5	 7	 0.1	 0.2	
BRCA1	mutation	carriers	 0Gy	 2Gy	 4Gy	 2Gy	 4Gy	
mean	 16	 83	 128	 1.6	 2.2	
SD	 7	 31	 45	 0.5	 0.5	
SEM	 2	 7	 10	 0.1	 0.1	






















distribution	 amongst	 the	 RIND	 scores	 between	 the	 two	 groups	 is	 significantly	 different	
(p=0.034,	Fisher	exact	test).	The	significantly	different	median	and	the	significantly	different	



















the	 third	degree	 relatives	 in	 family	BR-32-0196,	we	obtained	a	 score	of	0	and	1.	We	 thus	















(RIND)	sample	ID	 codon	 protein	 4	Gy	 4	Gy	
D01	 N/A	 N/A	 101	 3.9	 0	
D02	 N/A	 N/A	 67	 3.5	 0	
D03	 N/A	 N/A	 164	 2.9	 2	
D04	 N/A	 N/A	 92	 2.1	 0	
D05	 N/A	 N/A	 84	 4.6	 0	
D06	 N/A	 N/A	 91	 3.3	 0	
D07	 N/A	 N/A	 64	 3.1	 0	
D08	 N/A	 N/A	 84	 3.5	 0	
D09	 N/A	 N/A	 139	 1.7	 2	
D10	 N/A	 N/A	 57	 2.6	 0	
D11	 N/A	 N/A	 90	 2.7	 0	
D12	 N/A	 N/A	 87	 3.3	 0	
D13	 N/A	 N/A	 63	 1.6	 2	
D14	 N/A	 N/A	 94	 2.5	 0	
D15	 N/A	 N/A	 123	 3.2	 1	
D16	 N/A	 N/A	 74	 3.3	 0	
D17	 N/A	 N/A	 97	 2.8	 0	












ID	 Family	ID	 Mutation	c.	 Mutation	p.	 4	Gy	 4	Gy	
BC01	 BR-32-1643	 c.1A>G	 p.Met1Val	 215	 1.9	 3	
BC02	 BR-32-3040	 c.1A>C	 p.Met1Leu	 171	 2.4	 2	
BC03	 BR-32-1848	 c.212+3A>G	 N/A	 77	 1.5	 2	
BC04	 BR-32-2016	 c.1961del	 p.Lys654fs*47	 54	 2.5	 0	
BC05	 BR-32-0373	 c.2359dup	 Glu787fs*3	 174	 1.7	 3	
BC06	 BR-32-1787	 c.2359dup	 Glu787fs*3	 163	 2.9	 2	
BC07	 BR-32-1444	 c.2359dup	 Glu787fs*3	 106	 2.5	 0	
BC08	 BR-32-1967	 c.2359dup	 Glu787fs*3	 182	 1.3	 4	
BC09	 BR-32-1548	 c.3331_3334del	 p.Gln111fs*5	 104	 2	 1	
BC10	 BR-32-2256	 c.3481_3491del	 pGlu1161fs*3	 104	 1.6	 2	
BC11	 BR-32-2256	 c.3481_3491del	 pGlu1161fs*3	 85	 1.8	 1	
BC12	 BR-32-2256	 c.3481_3491del	 pGlu1161fs*3	 121	 2.2	 2	
BC13	 BR-32-0196	 c.3661G>T	 p.Glu1221*	 119	 1.7	 1	
BC14	 BR-32-0196	 c.3661G>T	 p.Glu1221*	 112	 3.5	 0	
BC15	 BR-32-0305	 c.3661G>T	 p.Glu1221*	 83	 2.7	 0	
BC16	 BR-32-1028	 c.4327C>T	 p.Arg1443*	 176	 2.1	 3	
BC17	 BR-32-1028	 c.4327C>T	 p.Arg1443*	 164	 2.1	 3	


































for	 any	 of	 the	 tested	 common	 SNPs,	 results	 could	 not	 be	 re-analysed	with	 the	 approach	
		 130	






















BC01	c.1A>G	 3	 0.7	(0.6-0.8)	 49	(42-55)	 52	(51-52)	 49	(49-49)	 No	
BC02	c.1A>C	 2	 /	 /	 /	 /	 No	
BC03	c.212+3A>G	 2	 /	 /	 /	 /	 No	
BC04	c.1961del	 0	 0.4	(0.4-0.4)	 29	(25-33)	 47	(43-51)	 47	(47-47)	 Yes	
BC05	c.2359dup	 3	 0.6	(0.6-0.6)	 28	(25-31)	 42	(38-45)	 48	(48-48)	 Yes	
BC06	c.2359dup	 2	 0.5	(0.5-0.5)	 24	(23-25)	 44	(41-47)	 50	(50-50)	 Yes	
BC07	c.2359dup	 0	 0.4	(0.4-0.5)	 29	(27-30)	 48	(30-67)	 57	(55-59)	 Yes	
BC08	c.2359dup	 4	 /	 /	 /	 /	 Yes	
BC09	c.3331_3334del	 1	 0.4	(0.4-0.4)	 25	(18-31)	 44	(34-48)	 49	(49-49)	 Yes	
BC10	c.3481_3491del	 2	 0.4	(0.4-0.4)	 23	(16-30)	 42	(28-52)	 39	(32-46)*	 Yes	
BC11	c.3481_3491del	 1	 0.4	(0.3-0.5)	 23	(16-32)	 41	(23-54)	 39	(34-44)*	 Yes	
BC12	c.3481_3491del	 2	 0.4	(0.4-0.4)	 26	(16-34)	 39	(28-50)	 42	(35-49)*	 Yes	
BC13	c.3661G>T	 1	 0.5	(0.3-0.6)	 29	(28-30)	 50	(41-57)	 50	(46-53)	 Yes	
BC14	c.3661G>T	 0	 0.4	(0.3-0.4)	 31	(29-32)	 52	(52-52)	 50	(50-50)	 Yes	
BC15	c.3661G>T	 0	 /	 /	 /	 /	 Yes	
BC16	c.4327C>T	 3	 0.5	(0.5-0.6)	 24	(21-27)	 51	(45-56)	 /	 Yes	
BC17	c.4327C>T	 3	 0.6	(0.4-0.7)	 26	(21-30)	 48	(44-53)	 50	(50-50)	 Yes	




Our	 study	 shows	 a	 significantly	 increased	 radiosensitivity	 in	 the	 group	 of	 healthy	 BRCA1	
mutation	carriers	compared	to	healthy	controls	for	the	two	endpoints	measured	by	the	G2	
MN	 assay	 for	 both	 doses	 of	 2	 and	 4	 Gy.	 Our	 results	 indicate	 that	 radiosensitivity	 in	










BC	 [17].	Other	 cytogenetic	assays,	 such	as	 the	 chromosome	aberration	and	G2	chromatid	
break	 assay,	 or	 survival	 assays,	 have	 also	 been	 applied	 to	 determine	 radiosensitivity	 in	 a	
variety	of	cell	types	heterozygous	for	BRCA1	mutations	using	different	irradiation	protocols	
[18–26].	 It	 is,	 however,	 difficult	 to	 correctly	 compare	 the	 results	 of	 these	 studies,	 as	 also	
concluded	by	Cardinale	et	al.	[17],	due	to	different	experimental	setups	to	analyze	 in	vitro	
radiosensitivity.	 However,	 despite	 the	 heterogeneity	 of	 the	 studies,	 most	 of	 the	 data	
generated,	 including	ours,	are	suggestive	of	a	different	 radiosensitive	phenotype	between	










































































subjected	 to	 NMD	 into	 proteins	 is	 limited.	 Such	 detailed	 studies	 have	 not	 yet	 been	








from	 several	 individuals	 from	 one	 family	 and	 we	 could	 also	 evaluate	 the	 radiosensitive	
phenotype	from	several	unrelated	individuals	carrying	the	same	mutation.	For	4	unrelated	
carriers	 of	 a	 Belgian	 founder	mutation	 c.2359dup	 (p.Glu787fs*3)	 a	 large	 variation	 for	 the	
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healthy	volunteers	(n=18)	 0	Gy	 2	Gy	 4	Gy	 2	Gy	 4	Gy	
mean	 16	 63	 94	 2	 3.0	
SD	 11	 21	 28	 0.5	 0.7	
SEM	 3	 5	 7	 0.1	 0.2	
BRCA1	mutation	carriers	(n=18)	 0	Gy	 2	Gy	 4	Gy	 2	Gy	 4	Gy	
mean	 16	 83	 128	 1.6	 2.2	
SD	 7	 31	 45	 0.5	 0.5	
SEM	 2	 7	 10	 0.1	 0.1	






































































































































































































































































































in	HR,	a	DNA	damage	repair	pathway,	specifically	active	 in	 the	 late	S/G2	phase	of	 the	cell	
cycle.	 We	 found	 a	 significantly	 increased	 radiosensitivity	 in	 a	 cohort	 of	 healthy	 BRCA2	
mutation	 carriers	 compared	 to	 individuals	 without	 a	 familial	 history	 of	 breast	 cancer	
(p=0.046,	Mann	Whitney	test).	At	the	individual	level,	50%	of	healthy	BRCA2	mutation	carriers	
showed	a	 radiosensitive	phenotype	 (radiosensitivity	 score	of	 1	or	 2),	whereas	83%	of	 the	
controls	showed	no	radiosensitivity	(p=0.038,	one-tailed	Fisher	Exact	test).	An	odds	ratio	of	5	








breast	 (BC)	 and	ovarian	 cancer	 (OC).	 The	 lifetime	 risk	 to	develop	BC	 is	 70-80%	 for	BRCA1	




-	mammography	screening	and	MRI,	as	applied	in	 individuals	at	high	risk	 is	unnecessary	 in	
non-carriers	(2–7).	However,	one	study	reported	a	2-5	fold	increase	of	BC	occurrence	in	non-
carriers	 of	 families	with	 either	BRCA1	or	BRCA2	mutations	 (8).	 Another	 study	 reported	 a	
younger	 than	 expected	 age	 at	 diagnosis	 of	 BC	 for	 non-carriers,	 that	was	most	 evident	 in	
BRCA1	families	(9).	Moreover,	one	study	by	Evans	and	coworkers	detected	a	possible	higher	
relative	 risk	 for	BC	 in	non-carrier	 relatives	of	BRCA2	 families,	 compared	 to	non-carriers	 in	
BRCA1	 families	 (10).	 In	 summary,	 these	studies	suggest	 that	DNA	alterations	 (for	example	
SNPs)	in	other	genes	may	modify	the	relative	risk	for	the	development	of	BC	in	non-carriers,	
compared	to	the	general	population.	Moreover,	the	authors	of	these	studies	recommended	











Knowing	 that	 both	 BRCA1	 and	 BRCA2	 are	 important	 in	 the	 repair	 of	 DSB,	 exposure	 of	
















Such	 discrepancies	 are	 likely	 due	 to	 differences	 in	 inclusion	 criteria,	 data-acquisition	 and	
other	issues	of	the	studies.	It	is	however	difficult	and	unethical	to	setup	long-term	unbiased	
studies	to	evaluate	the	relationship	between	BRCA2	mutations,	the	exposure	to	diagnostic	or	
therapeutic	 radiation	 and	 BC	 risk.	 In	 vitro	 chromosomal	 assays	 are	 effective	 tools	 to	
investigate	 radiosensitivity.	 Chromosomal	 radiosensitivity	 testing	 on	 lymphocytes	 from	
BRCA2	mutation	carriers	has	been	performed	with	techniques	such	as	the	G0	micronucleus	
(MN)	 assay	 and	 the	 G2	 assay	 for	 chromatid	 breaks,	 occasionally	 enhanced	 with	 a	 whole	
chromosome	paint	FISH	(20–25).	However,	for	several	of	these	studies,	it	was	unclear	if	the	
BRCA2	heterozygotes	were	healthy	individuals	or	BC	patients,	which	was	previously	broached	
by	Baeyens	et	al.	 (20).	 Furthermore,	differences	 in	experimental	 setup	make	comparisons	
between	studies	difficult	(26).	Despite	these	differences,	all	but	one	study	were	able	to	detect	
an	 elevated	 chromosomal	 radiosensitivity	 in	 BC	 patients	with	 a	BRCA2	mutation	 (20–25).	
However,	no	comparison	was	made	with	sporadic	BC	patients.	The	study	of	Baeyens	et	al.	













the	 familial	 germline	BRCA1	or	BRCA2	mutation	 in	 the	present	 study.	 This	 cohort	of	non-








EDTA	 samples	were	 collected	 for	mutation	 analysis.	We	 collected	blood	 samples	 from	18	
BRCA2	mutation	carriers	and	17	subjects	from	both	BRCA1	(n=9)	and	BRCA2	families	(n=8)	
not	 showing	 the	 familial	mutation	 (non-carriers).	None	of	 the	 individuals	 selected	 for	 this	
study	had	developed	cancer	at	time	of	blood	sample	collection.	We	also	selected	18	blood	
samples	from	a	historical	cohort	of	healthy	volunteers	without	a	personal	or	familial	history	
of	 BC	 for	 optimal	 age	 and	 gender	 match,	 to	 determine	 the	 normal	 distribution	 of	
micronucleus	yields	in	unaffected	individuals	from	the	general	population	(12).		






heterozygous	 for	 an	 unequivocal	 deleterious	 mutation.	 This	 was	 confirmed	 by	 Sanger	
sequencing	of	the	relevant	amplicon.	Sanger	sequencing	was	performed	on	the	ABI3730XL	
instrument	 using	 the	 BigDye®	 Terminator	 Cycle	 Sequencing	 Kit	 (Life	 Technologies,	 USA),	

































Age	and	gender	differences	across	 the	 three	groups	were	 judged	by	means	of	 a	one-way	
anova	 and	 Chi	 square	 test	 respectively.	 The	 median,	 interquartile	 range,	 average	 and	
standard	deviation	of	micronuclei	yields	(number	of	MN	per	1000	BN	cells)	were	assessed	in	
		 150	
each	 group	 of	 subjects.	 Intergroup	 differences	 of	MN	 yields	 between	 healthy	 volunteers,	
BRCA2	mutation	 carriers	 and	 non-carrier	 relatives	 of	 BRCA1	 and	 BRCA2	 pedigrees	 were	
analyzed	by	the	Mann-Whitney	Wilcoxon	test.	A	one-tailed	Fisher	exact	test	was	performed	
to	 compare	 unpaired,	 independent	 proportions	 of	 patients	 showing	 a	 radiosensitive	
phenotype,	evaluated	by	RS	scoring.	For	both	assays	a	5%	alpha	error	was	set	as	the	boundary	
for	 statistical	 significance.	 The	 odds	 ratio	 (OR)	was	 calculated,	 based	 on	 the	 RS	 scores	 in	
healthy	 individuals	 and	 BRCA2	 mutation	 carriers,	 to	 assess	 the	 association	 between	 the	
presence	of	a	BRCA2	mutation	and	radiosensitivity	according	to	the	following	formula:	!" = 	#	&"'(2	*+,-,./0	1-22.324	5.,ℎ	-0	"7 > 0	:	#	ℎ3-;,ℎ<	=/;+0,3324	5.,ℎ	-0	"7 = 0#	&"'(2	*+,-,./0	1-22.324	5.,ℎ	-0	"7 = 0	:	#	ℎ3-;,ℎ<	=/;+0,3324	5.,ℎ	-0	"7 > 0 	
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Mean	MN	 yield	 for	 healthy	 volunteers,	 healthy	 relatives	 who	 did	 not	 inherit	 the	 familial	 BRCA1/2	
mutation	 and	 healthy	 BRCA2	 mutation	 carriers.	 *	 indicates	 a	 significant	 difference	 (p-value<0,05)	

























Furthermore,	Table	 III	 shows	mutational	data	 (both	nucleotide	and	protein	nomenclature)	
and	individuals	with	the	same	family	 ID	are	related.	Figure	2	shows	the	distribution	of	the	
three	 groups	 for	 the	 different	 RS	 scores.	 A	 significant	 higher	 number	 of	BRCA2	mutation	




shows	 some	variation.	An	OR	of	 5	 (95%	CI:	 1.07	–	23.46)	 for	BRCA2	mutation	 carriers	 vs.	


















Mutation:	protein	 0	Gy	 2	Gy	 RS	score	 ID	
Family		 Family	
0	Gy	 2	Gy	 RS	score		 ID	 0	Gy	 2	Gy	
RS	
score	ID	 nucleotide	 ID	 gene	
M2.01	 BR-32-2170	 c.658_659delGT	 p.(Val220fs*4)	 14	 119	 2	 NM.06	 BR-32-0156	 BRCA2	 17	 51	 0	 D01	 19	 83	 1	
M2.02	 BR-32-1748	 c.1389_1390del	 p.(Val464fs*3)	 15	 91	 1	 NM.17	 BR-32-0342	 BRCA1	 8	 29	 0	 D12	 10	 52	 0	
M2.03	 BR-32-1748	 c.1389_1390del	 p.(Val464fs*3)	 19	 83	 1	 NM.01	 BR-32-0645	 BRCA1	 20	 63	 0	 D13	 7	 47	 0	
M2.04	 BR-32-1748	 c.1389_1390del	 p.(Val464fs*3)	 12	 58	 0	 NM.10	 BR-32-1134	 BRCA1	 14	 74	 0	 D15	 12	 55	 0	
M2.05	 BR-32-1748	 c.1389_1390del	 p.(Val464fs*3)	 16	 56	 0	 NM.13	 BR-32-1225	 BRCA1	 18	 43	 0	 D16	 17	 44	 0	
M2.06	 BR-32-1758	 c.1989del	 p.(Phe663fs*5)	 12	 163	 2	 NM.12	 BR-32-1225	 BRCA1	 11	 57	 0	 D17	 7	 58	 0	
M2.07	 BR-32-0884	 c.4171del	 p.(Glu1391fs*19)	 37	 65	 0	 NM.07	 BR-32-1444	 BRCA1	 12	 66	 0	 D21	 13	 48	 0	
M2.08	 BR-32-0884	 c.4171del	 p.(Glu1391fs*19)	 20	 90	 1	 NM.08	 BR-32-1444	 BRCA1	 12	 78	 0	 D04	 12	 40	 0	
M2.09	 BR-32-1759	 c.4936_4939del	 p.(Glu1646fs*23)	 20	 65	 0	 NM.02	 BR-32-1494	 BRCA1	 24	 87	 1	 D05	 6	 30	 0	
M2.10	 BR-32-1759	 c.4936_4939del	 p.(Glu1646fs*23)	 18	 53	 0	 NM.16	 BR-32-1967	 BRCA1	 29	 125	 2	 D06	 15	 74	 0	
M2.11	 BR-32-0156	 c.6275_6276del	 p.(Leu2092Profs*7)	 12	 63	 0	 NM.03	 BR-32-0884	 BRCA2	 20	 91	 1	 D29	 9	 29	 0	
M2.12	 BR-32-1565	 c.6275_6276del	 p.(Leu2092Profs*7)	 8	 44	 0	 NM.04	 BR-32-0884	 BRCA2	 16	 73	 0	 D30	 30	 109	 2	
M2.13	 BR-32-1930	 c.6275_6276del	 p.(Leu2092Profs*7)	 23	 183	 2	 NM.09	 BR-32-1748	 BRCA2	 21	 70	 0	 D32	 7	 96	 1	
M2.14	 BR-32-1930	 c.6275_6276del	 p.(Leu2092Profs*7)	 12	 86	 1	 NM.11	 BR-32-1758	 BRCA2	 8	 45	 0	 D31	 26	 73	 0	
M2.15	 BR-32-1920	 c.8167G>C	 p.(Asp2723His)	 10	 118	 2	 NM.05	 BR-32-1759	 BRCA2	 38	 85	 1	 D35	 37	 76	 0	
M2.16	 BR-32-1628	 c.8332-?_8487-?del	 p.(Ile2778Lysfs*40)	 22	 29	 0	 NM.14	 BR-32-1759	 BRCA2	 12	 69	 0	 D37	 6	 75	 0	
M2.17	 BR-32-0937	 c.8904delC	 p.(Val2969fs*7)	 10	 131	 2	 NM.15	 BR-32-2170	 BRCA2	 13	 52	 0	 D38	 17	 52	 0	
M2.18	 BR-32-0082	 c.9256+1G>C	 r.9118_9256del;	p.(Val3040Aspfs*18)	 10	 53	 0	 	 	 	 	 	 	 D39	 8	 61	 0	
Median	 14	 74	 		 16	 69	 		 12	 56	 		
Interquartile	range	 7.75	 54.75	 		 8	 26	 		 9.75	 27.5	 		
Mean	 16.11	 86.11	 		 17.23	 68.11	 		 14.33	 61.22	 		






Results	 of	 the	G2	micronucleus	 assay	 performed	 after	 exposure	 to	 2	Gy	 g-rays	 showed	 a	
significantly	 increased	 radiosensitivity	 in	 healthy	 BRCA2	 mutation	 carriers	 compared	 to	
healthy	controls.	Previous	studies	with	a	large	number	of	different	techniques	were	able	to	
demonstrate	enhanced	radiosensitivity	in	BC	patients	with	a	BRCA2	mutation,	however,	no	
univocal	 results	 were	 achieved	 for	 healthy	 BRCA2	 mutation	 carriers	 (20–25).	 Non-carrier	
relatives	 of	 either	 BRCA1	 or	 BRCA2	 families	 did	 not	 show	 an	 increased	 radiosensitive	
phenotype	compared	to	 the	cohort	of	healthy	volunteers,	which	 is	 in	agreement	with	 the	
study	of	Baeyens	et	 al.	 (20).	We	previously	performed	 the	G2	MN	assay	 in	a	 group	of	18	
healthy	BRCA1	mutation	carriers,	and	found	a	significantly	increased	MN	yield	after	exposure	
to	 2	 Gy	 g-rays	 (12).	 These	 findings	 are	 analogous	 to	 the	 results	 of	 the	 present	 study,	
performed	in	healthy	carriers	of	pathogenic	BRCA2	mutations.	Figure	3	shows	the	integration	
of	the	data	from	healthy	BRCA1	mutation	carriers	in	the	present	study.	The	detection	of	an	





Mean	MN	 yield	 for	 healthy	 volunteers,	 healthy	 relatives	 who	 did	 not	 inherit	 the	 familial	 BRCA1/2	
mutation,	healthy	BRCA2	and	healthy	BRCA1	mutation	carriers.	*	indicates	a	significant	difference	(p-




In	 our	 previous	 study	 we	 also	 analyzed	 the	 G2/M	 checkpoint	 activity	 by	 the	 addition	 of	
caffeine,	 an	 agent	 abrogating	 the	 G2/M	 checkpoint,	 to	 the	 irradiated	 cultures	 and	
demonstrated	 a	 significantly	 impaired	 checkpoint	 activation	 in	 BRCA1	mutation	 carriers	
compared	 to	 healthy	 volunteers	 (12).	 Analysis	 of	 the	 G2/M	 checkpoint	 activation	 in	 the	
current	BRCA2	cohort	did	not	reveal	a	significant	difference	(data	not	shown).	This	result	is	in	
agreement	with	the	fact	that	BRCA2	is	not	activated	in	this	particular	checkpoint	pathway	as	
reviewed	by	Roy	et	al.	 (1),	but	does	not	 support	 the	data	obtained	by	Menzel	et	al.	 (28),	




cell	 cycle,	 is	 extensively	 reported	 in	 literature	 (for	 a	 review:	 (1)).	 Our	 study,	 focusing	 on	
radiosensitivity	 testing	of	 lymphocytes	 in	 these	phases	of	 the	cell	cycle,	shows	an	OR	of	5	
(95%CI:	1.07-23.47)	for	healthy	individuals	with	a	heterozygous	BRCA2	mutation	compared	
to	healthy	controls.	This	 indicates	a	positive	association	between	the	presence	of	a	BRCA2	




assay	 to	 report	 impaired	 HR	 capacity	 in	 lymphoblastoid	 cells	 with	 a	 BRCA2	monoallelic	





























relatives	 of	 both	BRCA1	 and	BRCA2	 families	 compared	 to	 a	 group	 of	 healthy	 volunteers.	
Furthermore,	only	24%	of	non-carriers	showed	an	elevated	radiosensitivity	at	the	individual	
level	 (RS	 score	 1	 or	 2).	 This	 was	 not	 significantly	 different	 from	 the	 fraction	 of	 healthy	
volunteers	(17%)	that	was	found	to	have	an	increased	RS	score.	In	addition,	no	difference	was	
observed	 between	 non-carriers	 from	 BRCA1	 (RS	 score=0	 in	 7/9	 investigated	 relatives)	 or	


















should	 be	 taken	 when	 applying	 ionizing	 radiation	 for	 either	 diagnostic	 or	 therapeutic	
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exposure	 to	 ionizing	 radiation.	 Impaired	 double	 strand	 break	 repair	 might	 implicate	 an	
increased	 radiation-induced	 breast	 cancer	 risk	 for	 individuals	 with	 a	 germline	 mutation.	
Several	 clinical	 studies	 and	 in	 vitro	 cytogenetic	 studies	 could	 not	 irrefutably	 confirm	 or	
disprove	 increased	 radiosensitivity	 in	 germline	 mutation	 carriers.	 An	 assay	 specifically	
evaluating	the	effect	of	heterozygous	BRCA1	or	BRCA2	mutations	on	HR	capacity	might	be	
more	 appropriate	 to	 determine	 radiosensitivity	 of	 these	 individuals.	 In	 this	 study,	 we	
investigated	the	suitability	of	the	RAD51	foci	assay	to	evaluate	HR	capacity	in	MCF10A	cells	
with	 reduced	 protein	 levels	 of	 BRCA1	 and	 BRCA2	 obtained	 by	 RNA	 interference.	 After	
exposure	to	ionizing	radiation,	we	determined	RAD51	foci	levels,	a	hallmark	for	HR,	in	S	and	
G2	 phase	 synchronized	 cells.	We	demonstrated	 that	 in	 cells	with	 a	 knockdown	 for	 either	
BRCA1	 or	 BRCA2,	 the	 HR	 pathway	 is	 impaired,	 as	 observed	 by	 the	 absence	 of	 radiation-
induced	RAD51	foci	in	synchronized	MCF10A	cells.	We	anticipate	that	this	assay	can	also	be	
applied	on	synchronized	lymphocytes	of	heterozygous	BRCA1	and	BRCA2	mutation	carriers	
to	 assess	 radiosensitivity	 and	 HR	 capacity.	 It	 can	 also	 be	 a	 valuable	 assay	 to	 elucidate	
pathogenicity	of	variants	of	unknown	significance	in	either	gene.	After	thorough	validation	in	
a	large	cohort	of	BRCA1/2	mutation	carriers,	this	may	open	perspectives	to	a	novel	functional	






Breast	 cancer	 risk	 increases	 drastically	 in	 individuals	 carrying	 a	 germline	BRCA1	 or	BRCA2	
mutation.	BRCA1	and	BRCA2	are	known	as	caretaker	genes	and	are	both	active	in	the	DNA	
damage	response	pathway.	They	are	both	important	in	HR	(HR),	a	DNA	double	strand	break	
(DSB)	repair	pathway,	active	 in	S	and	G2	phase	of	 the	cell	cycle	after	exposure	to	 ionizing	
radiation	(IR)	(Roy	et	al.	2012;	Mao	et	al.	2008).		
	
Individuals	 harboring	 a	 germline	 mutation	 in	 either	 gene	 might	 show	 enhanced	









Gregus	 2012;	 Barwell	 et	 al.	 2007).	 Also	 here,	 results	 are	 contradictory,	 especially	 when	
analyzing	radiosensitivity	 in	healthy	mutation	carriers	without	breast	cancer.	 In	our	recent	
studies,	we	developed	an	S-G2-phase	specific	micronucleus	 (MN)	assay	 to	analyze	 in	vitro	
chromosomal	radiosensitivity	in	lymphocytes	of	healthy	BRCA1	and	BRCA2	mutation	carriers	




































capacity	 in	 MCF10A	 cells	 with	 reduced	 protein	 levels	 of	 BRCA1	 and	 BRCA2,	 which	 was	
obtained	by	RNA	interference.	DSB	were	induced	by	irradiating	the	cells	with	a	dose	of	2	Gy	
220	kV	X-rays.	To	achieve	a	maximum	number	of	cells	in	S	and	G2	phase	of	the	cell	cycle,	the	
phases	 in	which	HR	 is	active,	 the	cells	were	 synchronized	by	means	of	aphidicolin,	a	DNA	










glutamax	 (both	Gibco	 by	 Life	 Technologies,	USA),	 supplemented	with	 5%	 fetal	 calf	 serum	
(Invitrogen,	Belgium),	antibiotics	(50	U/ml	Penicillin	(Invitrogen)	and	50	μg/ml	streptomycin	
(Invitrogen))	and	growth	factors	(10	μg/ml	insulin	(Sigma,	Belgium),	0.5	μg/ml	hydrocortison	
(Sigma)	 and	 20	 ng/ml	 epidermal	 growth	 factor	 (Peprotech,	 UK)).	 Experiments	 were	
performed	 on	 BRCA1	 and	 BRCA2	 knockdown	 lines	 (referred	 to	 as	 BRCA1i	 and	 BRCA2i),	
together	 with	 a	 mock-transduced	 control	 cell	 line	 (here	 after	 referred	 to	 as	 control).	
Knockdown	 was	 achieved	 by	 stable	 transduction	 with	 lentiviral	 particles	 containing	 DNA	
sequences	 encoding	 short	 hairpin	 RNA	 specific	 for	 BRCA1	 or	 BRCA2	 RNA	 interference.	 In	
short,	 lentiviruses	 were	 constructed	 using	 pLKO.1-puro	 vectors.	 The	 RNA	 interference	
sequence	 for	 BRCA1	 was	 5’-	 CCCTAAGTTTCACTTCTCTAAA	 -	 3’	 and	 5’	 –
TACAATGTACACATGTAA	-	3’	for	BRCA2.		For	the	mock-transduced	cell	line,	an	empty	vector	
was	 used.	 Furthermore,	 the	 vector	 contained	 a	 resistance	 to	 puromycin.	 Transduction	 of	
MCF10A	cells	was	achieved	by	adding	1	μg/ml	DNA,	TurboFect	(1.5	μg/ml)	and	polybrene	(1	





Cells	 were	 cultured	 in	 puromycin	 (2	 μg/ml,	 Sigma)	 supplemented	 medium	 to	 select	 for	
transduced	cells.	Cells	were	switched	to	puromycin-free	culture	medium	for	each	experiment.	
Cells	were	seeded	in	a	concentration	of	200	000	cells	in	2	ml	culture	medium	in	6-well	plates.	
























al.	 (Depuydt	et	al.	2013)	 (supplementary	data	S1).	The	 inhibition	of	PARP	by	Olaparib	was	
confirmed	by	evaluation	of	pADPr	activity	after	exposure	to	H2O2	or	ionizing	radiatin	in	the	





fixed	 in	 3%	 paraformaldehyde	 for	 20	min.	 Slides	 were	 washed	 twice	 in	 PBS	 and	 antigen	
retrieval	was	achieved	by	incubation	(20	min)	in	a	heated	(95°C)	citrate	buffer	(0,02%	Citric	
acid	(Merck,	Germany)	in	dH20,	pH=6).	Slides	were	subsequently	washed	and	incubated	with	
a	 blocking	 serum	 containing	 1%	BSA	 (Roche,	 Switzerland);	 5%	normal	 goat	 serum	 (DAKO,	
Denmark)	and	0,2%	Tween	20	(VWR)	in	PBS.	Slides	were	incubated	(overnight,	4°C)	with	the	
first	 antibody	 RAD51	H-92	 (1/2000)	 (sc-8349,	 Santa	 Cruz,	USA),	washed	with	 PBS	 and	 3%	















in	 a	 hypotonic	 staining	 buffer	 containing	 0.1%	 Sodium	 citrate	 (Merck);	 0.3%	 Triton-X	 100	





BRCA1	 and	 BRCA2	 protein	 knockdown	 was	 evaluated	 by	 western	 blot	 analysis.	 Protein	
extraction	was	performed	in	subconfluent	cultures	of	control,	BRCA1i	and	BRCA2i	cells	using	
a	 TE	 lysis	 buffer	 containing	 0.1M	 Tris,	 50mM	 EDTA,	 1%	NP-40	 and	 1%	 protease	 inhibitor	
(sigma	P8340).	Protein	concentration	was	determined	by	means	of	the	PierceTM	Coomassie	
protein	 assay	 kit	 (ThermoScientific,	 USA).	 For	 every	 sample,	 50	 μg	 of	 protein	was	 loaded	
together	with	 LDS	 sample	buffer	 (ThermoScientific	NP0008;	25%)	and	dithiothrietol	 (DDT;	
Sigma;	43816,	10%)	on	a	3-8%	Tris-Acetate	gel	 (Novac).	 The	gel	was	 run	 in	a	Tris-Acetate	
running	 buffer	 supplemented	 with	 2.5%	 antioxidant	 during	 5	 h	 at	 25mA.	 Proteins	 were	
transferred	 to	 a	methanol	pretreated	PVDF	membrane	 in	 a	 Tris	 (25mM,	 Sigma)	&	glycine	






antibody	 α-BRCA2	 (Millipore	 OP-95,	 diluted	 1/500),	 and	mouse	mAb	 α-actinin	 (sc-17829,	
diluted	1/30	000)	as	loading	control.	This	incubation	was	followed	by	washing	and	incubation	
with	secondary	antibodies,	conjugated	with	hrp	(GAR-hrp	(Perbio	34160,	diluted	1/1000)	or	
GAM-hrp	 (ThermoScientific	 31450,	 diluted	 1/1000)).	 Visualization	 was	 achieved	 via	






IR)	 in	 the	 three	 cell	 lines	 (control,	 BRCA1i	 and	 BRCA2i).	 Furthermore,	 a	 fold	 change	 was	
calculated	to	quantify	the	change	of	RAD51	foci	in	comparison	to	the	control	cell	line.	A	fold	
change	<	1	indicates	a	reduction	of	RAD51	foci	induction	in	the	cell	line	for	a	certain	condition.	
To	evaluate	changes	 in	RAD51	 foci	 formation,	 statistical	analysis	was	performed	using	 the	











































































Control	 1	 1	 1	 1	
BRCA1i	 0.91	 0.81	 0.42	(*)	 0,51	(*)	
BRCA2i	 0.71	 0.93	 0.36	(*)	 0,40	(*)	

















capacity	 in	 MCF10A	 cells	 with	 reduced	 protein	 levels	 of	 BRCA1	 and	 BRCA2,	 which	 was	















protein	 levels	 could	 be	 attributed	 to	 the	 more	 specific	 role	 that	 BRCA2	 has	 in	 RAD51	











heterozygous	mice	embryonic	stem	cells,	 though	 less	distinct	then	 in	BRCA2	heterozygous	
cells	 (Sioftanos	et	 al.	 2010).	 Yaun	et	 al.	 and	Keimling	et	 al.,	 on	 the	other	hand,	 could	not	
demonstrate	an	effect	of	BRCA1	heterozygosity	on	RAD51	formation	or	HR	capacity	(Yuan	et	





















2006;	 Hanada	 et	 al.	 2007),	 caution	 is	 needed	 when	 analyzing	 results	 of	 aphidicolin	








prior	 to	 irradiation.	However,	we	did	 not	 observe	 a	 significant	 increase	 in	 the	 number	 of	
RAD51	foci	effect	compared	to	IR	alone.	As	a	consequence,	the	combined	treatment	did	not	
result	in	a	better	discrimination	between	the	knockdown	cell	lines	and	the	control	cell	line.	
This	 might	 be	 due	 to	 an	 exhaustion	 of	 HR	 capacity	 by	 aphidicolin	 synchronization	 and	
exposure	to	IR.	Furthermore,	we	should	consider	the	many	different	functions	PARP	fulfills	in	
the	 DNA	 damage	 response,	 including	 detection	 and	 signaling	 of	 DSB	 and	 stabilization	 of	
stalled	replication	forks	(Pommier	et	al.	2016;	Khodyreva	&	Lavrik	2016).	The	complex	PARP	




increased	RAD51	 formation	 is	observed	 in	 synchronized	 cells	 after	PARPi	 treatment	alone	
compared	to	non-treated	cells.		
	
In	 conclusion,	we	demonstrated	 that	 in	 cells	 containing	a	knockdown	 for	either	BRCA1	or	
BRCA2,	 the	 HR	 pathway	 is	 impaired,	 which	 results	 in	 the	 absence	 of	 radiation-induced	
formation	of	RAD51	foci	 in	synchronized	cells.	As	 in	both	cell	 lines ≤ 50%	of	the	wild	type	
activity	 is	retained	after	 lentiviral	knockdown,	the	results	obtained	in	the	MCF10A	cell	 line	
		 176	
may	mimic	 the	 situation	 in	 healthy	 carriers	 of	 a	 germline	 BRCA1/2	 mutation.	 Therefore,	
applying	 this	 assay	 on	 synchronized	 fibroblasts/breast	 epithelial	 cells/lymphocytes	 of	
heterozygous	 BRCA1	 and	 BRCA2	 mutation	 carriers	 might	 be	 a	 useful	 strategy	 to	 assess	
radiosensitivity	and	HR	capacity	for	these	patients.	This	should	be	thoroughly	evaluated	in	a	
large	 cohort	 of	 patients	with	 known	deleterious	mutations	 located	 in	 different	 functional	
domains	of	both	genes.	In	case	heterozygous	mutation	carriers	can	be	clearly	distinguished	
from	 controls,	 such	 an	 assay	 can	 be	 very	 valuable	 to	 determine	 the	 functional	 effect	 of	













































































































































































pADPr	 immunostaining	with	FITC	signal	 (green).	Addition	of	Olaparib	(PARPi)	 (5	µM)	1	hour	










































predictions	 by	 in	 silico	 programs	 was	 evaluated.	 Aberrant	 splicing	 was	 confirmed	 for	 12	




















due	 to	 an	 evolution	 in	 sequencing	 technologies,	 the	 number	 of	 individuals	 undergoing	
screening	drastically	increased	and	this	led	to	a	significant	rise	in	the	number	of	variants	of	
unknown	clinical	 significance	 (VUS).	 The	detection	of	 a	VUS	 is	 a	 challenge	 for	health	 care	
providers	as	the	impact	on	the	risk	for	breast	or	ovarian	cancer	risk	is	unclear	(Goldgar	et	al.	
2004).	For	missense	variants,	a	number	of	functional	tests	have	been	proposed	(e.g.	(Millot	










these	 tools	 is	 dependent	 on	 the	 ability	 to	 detect	 the	wild	 type	 (WT)	 splice	 site	 or	 define	
regions	 such	 as	 the	 branchpoints	 or	 ESE.	 Furthermore,	 it	 depends	 on	 the	 degree	 of	
conservation	of	 the	region	 in	which	the	variant	 is	 situated	 (Caminsky	et	al.	2014).	 In	silico	





One	 reason	 for	 this	difficulty	 is	 that	 there	 is	no	unified	 standard	 to	measure	how	splicing	
signals	 change	when	one	 allele	 is	 substituted	by	 another	 because	most	 tools	 only	 output	
prediction	 scores	 for	 potential	 splice	 sites	 given	 an	 input	DNA	 sequence.	Due	 to	 complex	




on	 pre-mRNA	 splicing.	 Learning	 algorithms	 such	 as	 AdaBoost	 (Pashaei	 et	 al.	 2016)	 and	
Random	Forest	(Meher	et	al.	2016)	are	now	emerging	and	need	to	be	validated	for	the	use	in	
research	and	clinical	practice.	






recently	 developed	 algorithms	 (AdaBoost	 and	 Random	 Forest)	 for	 21	 BRCA1/2	 variants.	




We	 tested	 the	 effect	 of	 21	 variants	 of	 unknown	 clinical	 significance	 in	BRCA1	 (n=11)	 and	

















et	 al.	 2015)	 LOVD	 (http://databases.lovd.nl/shared/variants/BRCA1/unique	 and	
http://databases.lovd.nl/shared/variants/BRCA2)	 and	 the	 literature	 were	 checked	 for	
available	 information	of	these	variants.	Some	variants	have	entries	 in	the	ClinVar	or	LOVD	




Five	 prediction	 tools	 integrated	 in	 Alamut®	 Visual	 2.8.1	 (Interactive	 Biosoftware,	 France),	
were	used	to	assess	the	impact	of	the	variants	on	splice	sites	 in	silico.	These	programs	are	
also	 freely	 available	 online:	 MaxEntScan	 (MES)	
(http://genes.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq.html)		(Yeo	&	Burge	2004);	
Human	 Splicing	 Finder	 (HSF)	 (Desmet	 et	 al.	 2009)	 and	 Splice	 Site	 Finder	 (SSF)	 (Shapiro	 &	
Scnapathy	1987),	both	accessible	on	the	HSF	website	(http://www.umd.be/HSF3/);	Splice	Site	
Prediction	 by	 Neural	 Network	 (NNSplice)	 (http://www.fruitfly.org/seq_tools/splice.html)	
(Reese	 et	 al.	 1994)	 and	 GeneSplicer	 (Pertea	 et	 al.	 2001)	
(http://www.cbcb.umd.edu/software/GeneSplicer/gene_spl.shtml).		










All	 variants	 located	 in	 the	 coding	 regions,	 were	 also	 evaluated	 for	 their	 effect	 on	 exonic	
splicing	enhancers	(ESE).	Disruptions	of	these	six	bp	motifs	can	result	in	improper	splicing	and	
can	 be	 predicted	 by	 tools	 such	 as	 ESEFinder	 (Cartegni	 et	 al.	 2003)	 and	 RESCUE-ESE	













informed	 consent.	 From	 these	 blood	 samples,	 peripheral	 blood	 lymphocytes	 (PBL)	 were	
isolated	 using	 LymphoprepTM	 (STEMCELL	 Technologies,	 Canada)	 according	 to	 the	
manufacturer’s	guidelines.	These	PBL	were	cultured	in	RPMI	(completed	with	1	%L-glutamine	
and	0.5	%	penicillin/streptomycin),	 foetal	calf	serum	(10	%),	2-mercaptoethanol	(0.1	%;	all	
Gibco,	USA)	 and	 sodium	pyruvate	 (1	%,	 Life	 Technologies,	USA).	 Phytohaemagglutinin	 (10	













on	 agarose	 gel.	 Sanger	 sequencing	 was	 performed	 using	 the	 BigDye®	 Terminator	 Cycle	
Sequencing	Kit	(Life	Technologies).	Transcripts	from	carriers	were	compared	to	at	least	three	
controls	 for	RT-PCR	and	at	 least	one	control	was	 included	for	sequencing	analysis.	For	the	





and	NM_000059.3	 (BRCA2).	 Nucleotide	 +1	 corresponds	 to	 A	 of	 AUG	 translation	 initiation	
codon	 (according	 to	 HGVS	 guidelines).	 NM_007294.3	 omits	 the	 historical	 exon	 4	 and	








study,	 we	 only	 included	 variants	 for	 which	 no	 unequivocal	 conclusions	 on	 pathogenicity	
and/or	 mRNA	 splicing	 data	 were	 available.	 If	 relevant,	 ClinVar	 IDs	 are	 provided.	 Table	 1	
summarizes	 in	 silico	 prediction	 data	 as	well	 as	 the	 results	 of	 cDNA	 analysis	 in	 short-term	
cultured	lymphocytes	in	the	presence	of	puromycin.	Out	of	21	tested	DNA	alterations,	12	DNA	
alterations	(seven	BRCA1	and	five	BRCA2	variants)	resulted	in	one	or	more	aberrant	mRNA	









bp	 downstream	 of	 the	 wild	 type	 acceptor	 site.	 This	 resulted	 in	 an	 aberrant	 transcript	




splice	 site	at	 c.4986+65.	This	 leads	 to	an	aberrant	 transcript	 in	which	 the	 first	65	 intronic	
nucleotides	 of	 intron	 15	 are	 retained:	 r.4986_4987ins4986+1_486+65,	 p.(1662Phefs*14)	
(Figure	1b).		
BRCA1	 c.5152+2dup	 inactivates	 the	 splice	 donor	 site	 of	 exon	 17,	 resulting	 in	 an	 aberrant	
transcript	lacking	exon	17	(r.5075_5152del;	p.(Asp1692_Trp1718delinsGly))	(Figure	1c).		
BRCA2	 c.6841+1G>C	 results	 in	 the	 abolishment	 of	 the	 WT	 splice	 donor	 site	 of	 exon	 11,	
accurately	predicted	by	all	tools.	This	leads	to	multiple	aberrant	transcripts	of	which	a	skip	of	

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Schematic	 representation	 of	 six	BRCA1	 variants	 leading	 to	 aberrant	 splicing	with	 the	 red	 x	









Figure	 2.	 Schematic	 representation	 of	 the	 results	 of	 in	 vitro	mRNA	 analysis	 for	 the	BRCA2	
variant	c.6841+1G>C.		



















BRCA2	 c.517G>C,	 located	 in	 the	 first	 nucleotide	of	 exon	7	 leads	 to	 an	 aberrant	 transcript	
containing	 an	 out	 of	 frame	 skip	 of	 exon	 7	 (r.517_631del;	 p.(Gly173Serfs*19))	 due	 to	 the	
inactivation	of	the	WT	splice	donor	(Table	1	and	Figure	4a).	Only	a	small	reduction	in	scores	







Five	 out	 of	 eight	 intronic	 variants	 in	 the	 Cartegni	 consensus	 region	 resulted	 in	 aberrant	




single	 band	 of	 the	 expected	 length	 was	 observed	 (Figure	 3).	 To	 analyze	 the	 products	 of	
different	 lengths,	 cloning	 followed	 by	 sequencing	 was	 performed	 for	 57	 clones.	 Two	



























full	length	 /	 /	 43,90%	
(25/57)	
96%	(24/25)	 /	































insertion	 of	 66	 nucleotides	



















































illustrating	 the	 position	 of	 the	 variant.	 RT-PCR	 results	 on	 agarose	 gel	 or	 Labchip	 GX	 and	





We	 evaluated	 the	 effect	 at	 the	mRNA	 level	 of	 two	 intronic	 variants	 outside	 the	 Cartegni	









c.1878A>G	 (p.=)	 &	 c.4115G>A;	 p.(Cys1372Tyr)	 and	 three	 in	 BRCA2:	 c.3326C>T;	




scoring	 predicted	 a	 splicing	 effect	 for	 BRCA2	 c.3326C>T	 and	 BRCA1	 c.4115G>A	 (∆ESRseq	
scores	below	-0.663,	see	table	1).	ESEfinder	and	RESCUE-ESE	predicted	both	disruption	and/or	
creation	of	a	new	ESE	for	every	variant	except	for	BRCA2	c.4899C>G	(Table	1).	Furthermore,	







cDNA	 analysis	 in	 lymphocytes	 of	 a	 patient	 heterozygous	 for	 the	 BRCA2	 variant	 c.426-
















part	 of	 exon	 11:	 r.2399_6841del;	 p.(Asn801_Gly2281del)	 (Figure	 2c)	 and	 r.3551_6841del;	
p.(Thr1185_Gly2281del)	(Figure	2d)	respectively.	The	activation	of	c.2398	leads	to	a	band	of	
1038	bp,	visible	on	the	gel	(Figure	2a),	which	was	confirmed	by	means	of	direct	sequencing.	











(c) The	 largest	 PCR	 product	 contained	 all	 nucleotides	 from	 the	 start	 of	 the	 primer	 till	
c.4780	 (the	 presumed	 breakpoint	 in	 exon	 11),	 an	 insertion	 of	 11	 nucleotides	
(GATCGCAGTGA),	followed	by	293	nucleotides	from	intron	4	(from	c.425+415	to	c.426-
209)	and	continued	by	all	nucleotides	from	exon	5	to	position	c.4780	in	exon	11		
(d) A	smaller	 fragment	was	produced	by	 the	activation	of	 a	 cryptic	 splice	 site	donor	at	
nucleotide	 position	 c.3550.	 This	 fragment	 does	 not	 contain	 nucleotides	 c.3551	 to	
c.4780,	 the	 11	 bp	 sequence	 GATCGCAGTGA	 nor	 the	 293	 nucleotides	 between	
c.425+415	to	c.426-209	from	intron	4		















consulting	 literature,	 we	 verified	 if	 the	 detected	 transcripts	 represent	 naturally	 occurring	
alternative	transcripts.	None	of	the	detected	aberrant	BRCA2	 transcripts	were	reported	as	
naturally	occurring	alternative	transcripts	(Fackenthal	et	al.	2016).	However,	we	observed	a	
skip	of	exon	11	 in	controls,	 though	be	 it	at	very	 low	 level	 (Figure	2).	Some	of	 the	variants	
studied	 in	 BRCA1,	 lead	 to	 a	 strong	 upregulation	 of	 low	 abundant	 naturally	 occurring	
transcripts	 in	 our	 patients	with	 specific	 variants	 compared	 to	 controls:	 skip	 of	 exon	 2	 (r.-
19_80),	exon	3	(r.81_134del),	exon	13	and	14	(r.	4358_4675del),	exon	14	(r.4485_4675del)	
and	exon	17	(r.5075_5152del).		














predicted	 to	 escape	 NMD.	 BRCA1	 c.134+5G>T,	 is	 situated	 near	 the	 translation	 initiation	
codon,	but	as	translation	would	result	in	only	a	small	protein	(p.(Cys27*)),	we	do	not	expect	
any	functionality	from	this	aberrant	protein	and	classify	this	variant	as	probably	pathogenic.	





indeed	avoids	NMD,	we	 still	 assume	a	pathogenic	 effect	 for	 this	 variant	 as	 two	nonsense	




We	can	expect	a	pathogenic	effect	 for	BRCA1	 c.80+5G>A	as	 the	AUG	translation	 initiation	
codon	is	lost	due	to	the	skip	of	exon	2.	Interruption	of	the	translation	initiation	codon	due	to	
a	 point	mutation	 has	 previously	 been	 classified	 as	 deleterious	 (ClinVar	 ID:	 54432,	 54745,	
54746,	55072	and	267523).		
	
BRCA1	 c.5152+2dup,	 leads	 to	 an	 in	 frame	 skip	 of	 exon	 17	 (r.5075_5152del;	
p.(Arg1692_Trp1717delinsGly)).	 Several	 naturally	 occurring	 transcripts	 lack	 exon	 17	 as	
reported	 by	 (Colombo	 et	 al.	 2014),	 besides	 transcripts	 lacking	 exclusively	 exon	 17,	 also	
transcripts	 lacking	 exons	 13-17	 and	 14-18.	We	 performed	 RT-PCR	with	 a	 forward	 primer	
located	in	exon	15	and	a	reverse	in	exon	21	and	demonstrated	the	skip	of	exon	17	was	only	











therefore	expected	 to	 cause	 improper	 folding	of	 this	motif.	 Binding	of	 several	 interaction	
partners	might	thus	be	impaired	by	these	two	variants,	leading	to	a	deleterious	effect	of	these	





All	 aberrant	 transcripts	 induced	 by	 BRCA2	 c.6841+1G>C	 are	 in	 frame	
(p.(Thr1185_Gly2281del),	p.(Asn801_Gly2281del)	and	p.(Leu638_Gly2281del)).	However,	the	
size	 of	 the	 deletions	 and	 the	 location	 in	 the	 BRC	 repeat	 region,	 necessary	 for	 binding	 of	
RAD51,	an	effector	of	homologous	recombination,	suggest	a	pathogenic	effect.		
	
mRNA	analysis	of	 three	variants	 situated	 in	 intron	19	of	BRCA2	 revealed	different	effects.	




naturally	 occurring	 skip	 of	 exon	 20	 has	 been	 demonstrated	 (Fackenthal	 et	 al.	 2016).	 The	
variant	c.8488-12A>G	for	which	no	aberrant	splicing	was	demonstrated,	does	not	result	in	a	
de	novo	“AG”	splice	acceptor	site.	To	our	knowledge,	only	variants	 in	 the	canonical	 splice	







Out	 of	 the	 seven	 tested	 exonic	 variants	 studied,	 only	 two	 (BRCA1	 c.4674A>G	 &	 BRCA2	
c.517G>C)	resulted	in	aberrant	splicing.		
BRCA1	 c.4674A>G,	 located	 in	 the	 second	 last	 nucleotide	 of	 exon	 14,	 resulted	 in	 aberrant	










to	 loss	of	 the	natural	 splice	 site.	However,	 splice	 site	prediction	 tools	demonstrate	only	a	
marginal	decrease	in	3’	splice	site	strength	(see	Table	1).	The	skip	of	exon	7	(r.517_631del;	
p.(Gly173Serfs*19))	 is	 likely	 to	 undergo	 degradation	 of	 the	 transcript	 by	 NMD.	 ∆ESRseq	
scoring	and	ESEfinder	demonstrated	no	effect	of	the	variant	on	ESE	as	could	be	expected,	
while	RESCUE-ESE	predicted	multiple	effects	on	ESE.	A	variant	at	the	same	position	(c.517G>T)	
was	 previously	 tested	using	 both	minigene	 and	RNA	 splicing	 analysis	 and	 also	 resulted	 in	
skipping	of	exon	7	(Gaildrat	et	al.	2012).	 Interestingly,	a	higher	than	expected	presence	of	
splicing	 mutations	 affecting	 potential	 regulatory	 elements	 leading	 to	 an	 exon	 skip	 are	
detected	in	exon	7	of	BRCA2	(Di	Giacomo	et	al.	2013).	Analysis	of	the	influence	of	ESE	in	this	





In	 contrast	 to	 the	 large	 number	 of	 substitutions	 leading	 to	 aberrant	 splicing,	 both	 in	 the	
coding	sequence	and	the	surrounding	intronic	sequence	of	exon	7	of	BRCA2,	no	such	variants	







c.3326C>T	and	BRCA1	 c.4115G>A	would	 imply	an	effect	on	exonic	 splice	 regulation	which	














a	 large	 tandem	 duplication	 with	 a	 breakpoint	 2061	 bp	 upstream	 of	 the	 WT	 donor	 site.	
Activation	 of	 both	 cryptic	 splice	 donor	 sites	was	 confirmed	 in	 a	 patient	with	 substitution	
abolishing		the	WT	splice	donor	site	of	exon	11	(c.6841+1G>C).	Scanning	of	exon	11	with	in	
silico	 prediction	 tools	 available	 through	 Alamut	 2.8.1	 revealed	 several	 alternative	 cryptic	






on	 potentially	 activated	 splice	 sites	 in	 case	 of	 inactivation	 of	 the	 wild	 type	 site,	 may	 be	
important	 to	design	adequate	BRCA2	 ASOs	 (antisense	oligonucleotides),	which	have	been	
proposed	as	a	promising	avenue	to	prevent	resistance	to	PARP	inhibitor	therapy	in	several	




confirm	 that	 splice	 site	 prediction	 tools	 accurately	 predicted	 the	 effect	 of	 variants	 in	 the	
canonical	splice	sites.	Unfortunately,	accuracy	of	the	splice	site	prediction	tools	decreases	for	
variants	 outside	 these	 sites.	 We	 demonstrated	 that	 Adaboost	 and	 Random	 Forest	



















et	 al.	 2016).	Of	 all	 exonic	 variants	 included	 in	 this	 study	Priors	 gave	 the	highest	 score	 for	
impaired	splicing	(0.34)	for	BRCA1	c.4674A>G	&	BRCA2	c.517G>C	and	we	showed	that	both	
variants	lead	to	aberrant	splicing.	However,	this	score	is	only	marginally	higher	compared	to	
those	 for	other	variants	 [BRCA1	 c.1878A>G	 (p.=)	&	c.4115G>A;	p.(Cys1372Tyr)	and	BRCA2	


















































































































































































To	 date,	 chromosomal	 radiosensitivity	 of	 BRCA1	 and	 BRCA2	 mutation	 carriers	 has	 been	
evaluated	extensively	with	 the	G0	MN	assay	or	 the	G2	chromatid	break	assay.	All	 in	 vitro	
studies	 cited	 in	 the	 introduction	 (chapter	 4	 of	 the	 introduction)	 were	 performed	 in	
lymphocytes	 of	 healthy	 individuals	 (the	 control	 cohort),	 breast	 cancer	 patients	 with	 or	
without	 a	 germline	 mutation	 and	 healthy	 individuals	 with	 a	 BRCA1	 or	 BRCA2	 mutation.	
Generally,	 in	 vitro	 chromosomal	 radiosensitivity	 studies	 could	 demonstrate	 an	 enhanced	









Figure	 3.1:	 simulated	 representation	 of	 the	 distribution	 of	 patient	 (or	 test)	 cohort	 results	













BRCA2	 on	 chromosomal	 radiosensitivity.	 From	 this	point	of	 view,	 the	G2	chromatid	break	
assay	may	be	better	suited.	In	the	G2	chromatid	break	assay,	lymphocytes	are	cultured	3	days	
prior	 to	exposure	 to	 ionizing	 radiation	and	a	short	post-irradiation	 incubation	 time	of	one	
hour	and	a	half,	 is	 applied.	Colcemid	 is	 added	during	 the	 last	hour	of	 the	post-irradiation	
incubation	 in	order	to	stop	cells	 in	metaphase	 for	analysis	of	chromatid	breaks.	Given	the	
short	post-irradiation	incubation	period,	cells	trapped	in	mitosis	must	have	been	irradiated	in	
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G2	 phase	 of	 the	 cell	 cycle.	 Nonetheless,	 studies	 applying	 this	 assay	 for	 the	 evaluation	 of	
radiosensitivity	in	BRCA1	and	BRCA2	mutation	carriers	did	not	yield	univocal	results	(Buchholz	
et	 al.	 2002;	 Barwell	 et	 al.	 2007;	 Baeyens	 et	 al.	 2004;	 Ernestos	 et	 al.	 2010).	 Bryant	 et	 al.	
proposed	the	‘signal’	model	to	explain	the	formation	of	chromatid	breaks.	In	this	model,	a	
chromatid	 break	 is	 generated	 by	 one	 DSB	 initiating	 a	 recombinational	 exchange.	 This	
exchange	forms	a	chromatid	break	when	incomplete	(Bryant	2004).	It	is	not	known	if	BRCA1	
































































We	had	access	 to	a	 variant	AT	patient,	 compound	heterozygous	 for	 two	deleterious	ATM	
mutations,	to	evaluate	the	performance	of	the	G2	micronucleus	assay	compared	to	the	G0	
MN	 assay	 (paper	 I).	 This	 variant	 AT	 case	 is	 atypical	 as	 residual	 ATM	 kinase	 activity	 was	
demonstrated,	which	is	not	the	case	in	classic	AT	patients.	The	atypical	phenotype	of	this	AT	
patient	was	furthermore	illustrated	by	the	relatively	old	age	(early	twenties)	at	the	time	of	
diagnosis.	While	 radiosensitivity	 is	 well	 documented	 for	 classic	 AT	 patients,	 as	 discussed	
above,	and	can	be	used	as	a	functional	assay	to	phenotypically	complement	the	diagnosis	of	
AT	 in	 these	 patients,	 only	 scant	 data	 are	 available	 on	 the	 suitability/sensitivity	 of	
radiosensitivity	assays	to	support	a	diagnosis	of	AT	in	patients	showing	‘‘milder	or	atypical’’	
forms	of	the	disease	(Jongmans	et	al.	1998;	Gilad	et	al.	1998;	Bartsch	et	al.	2012).	
Performing	 the	 G0	 MN	 assay	 on	 lymphocytes	 of	 this	 variant	 AT	 patient,	 an	 enhanced	
radiosensitivity	could	be	demonstrated	by	a	1.8-fold	 increased	MN	yield	compared	 to	our	
control	 cohort.	 However,	 this	 increase	 is	 lower	 than	 the	 3-	 to	 4-fold	 increase	 typically	
observed	in	classic	AT	patients.	Evaluation	of	the	first	endpoint	with	the	G2	MN	assay	on	three	






implies	 a	 complete	 disruption	 of	 the	 G2	 arrest	 capacity.	 The	mean	 ratio	 observed	 in	 our	
variant	 AT	 patient	 is	 somewhat	 higher	 (1.85),	 pointing	 to	 remaining	 functionality	 of	 this	
particular	checkpoint.	
		 218	
Additionally,	 we	 had	 access	 to	 three	 relatives	 of	 the	 variant	 AT	 patient	 who	 were	







Evaluation	 of	 G0	 MN	 yields	 in	 these	 heterozygous	 relatives	 demonstrated	 no	 enhanced	


























With	 regard	 to	 the	 first	 endpoint	 studied	 with	 the	 G2	 MN	 assay	 a	 significant	 increased	








Evaluation	of	 the	G2/M	checkpoint	efficiency	 ratio,	 the	 second	endpoint,	 in	 the	cohort	of	





increased	compared	 to	 control	 individuals	after	exposure	 to	2	Gy	 (see	Figure	3.5)	 (results	
paper	 III).	 Evaluation	 of	 the	 G2	 arrest	 capacity	 in	 this	 test	 cohort	 showed	 no	 significant	
difference	 in	 the	activation	of	 the	G2/M	checkpoint	 compared	 to	 the	 controls	 (e.g.	G2/M	
checkpoint	ratio	equals	1.8	versus	2.1	respectively	after	exposure	to	2	Gy).	These	results	were	


































or	 irreversible	 G2	 arrest	 of	 heavily	 damaged	 lymphocytes	 of	BRCA2	 mutation	 carriers.	 In	
BRCA1	mutation	 carriers	 on	 the	 other	 hand,	 heavily	 damaged	 cells	 are	more	 likely	 to	 go	
through	mitosis	 and	 become	 BN	 due	 to	 an	 impaired	 G2	 arrest.	 This	 is	 illustrated	 by	 the	
observation	that	out	of	the	eight	BRCA1	mutation	carriers	for	whom	an	increased	radiation-
induced	MN	yield	was	observed,	six	also	demonstrated	an	impaired	G2	arrest.		
The	 impact	 of	 cell	 cycle	 delay,	 and	more	 specifically	 prolonged	G2	 arrest,	was	 previously	
discussed	 by	Nasonova	 and	 Ritter	 as	 they	 observed	 an	 increase	 in	 aberration	 yields	with	









































during	 the	 G2	 phase.	 The	 cell	 cycle	 dependent	 increase	 in	 protein	 level	 is	 based	 on	 an	
induction	 of	mRNA	 transcription	 and	 subsequent	 translation	 during	G1/S	 transition.	 After	
reaching	 a	 peak	 in	 G2	 phase,	 BRCA1	 protein	 levels	 decrease	 again.	 This	 decrease	 upon	
entering	 of	 the	 G1	 phase	 is	 mediated	 by	 a	 decline	 in	 mRNA	 transcription	 and	 protein	
degradation	by	proteases	and	ubiquitination	(Choudhury	et	al.	2004;	Liu	et	al.	2010;	Okada	&	
Ouchi	 2003).	 Several	 papers	 also	 evaluated	 BRCA1	 stability	 after	 exposure	 to	 ionizing	
radiation	independent	of	the	cell	cycle.	These	papers	describe	that	exposure	to	high	doses	






















promotes	 the	 C-NHEJ	 pathway,	 while	 downregulating	 mutagenic	 A-NHEJ.	 In	 S	 phase,	 the	
interaction	of	BRCA1	with	DNA-PKcs	inhibits	C-NHEJ,	thereby	redirecting	the	pathway	choice	
towards	 HR	 pathway.	 Either	 way,	 BRCA1	 induces	 the	 activation	 of	 the	 least	 error	 prone	
pathway	throughout	all	stages	of	the	cell	cycle	(Saha	&	Davis	2016).		
	
Concerning	 BRCA2	 protein	 expression,	 less	 data	 are	 available.	One	 study	 demonstrated	 a	




protein	 are	 detected	 throughout	 all	 phases	 of	 cycling	 cells,	 BRCA2	 activity,	 like	 BRCA1,	 is	
regulated	 by	 posttranslational	 modifications.	 Current	 studies	 suggest	 a	 role	 for	 cyclin-
dependent	kinases	(Cdk),	checkpoint	kinases	(Chk1	and	Chk2)	and	Plk1	(Polo-like	kinase	1)	in	
response	to	DNA	damage	and	cell	cycle	progression	for	phosphorylation	of	BRCA2	at	various	
amino	 acid	 sites	 (see	 Figure	 3.8)	 (Esashi	 et	 al.	 2005;	 Lee	 et	 al.	 2004).	 The	 Cdk	 and	 Plk1-
mediated	 phosphorylation	 seems	 to	 be	 upregulated	 in	 G2	 phase	 of	 the	 cell	 cycle	 and	 is	
maximal	 during	M	 phase	where	 it	 impairs	 RAD51	 interaction,	 directing	 BRCA2	 towards	 a	
























However,	 caution	 is	needed	when	 interpreting	 the	 results	of	 the	studies	cited	above	with	
respect	 to	our	studies	 in	 lymphocytes	as	most	experiments	were	conducted	 in	cancer	cell	
lines	(e.g.	breast	cancer	cell	 line	MCF7	and	cervical	cancer	cell	 line	Hela).	As	far	as	we	are	




In	 paper	 III,	 in	 vitro	 chromosomal	 radiosensitivity	 of	 a	 group	non-carrier	 relatives	of	 both	
















has	 demonstrated	 that	 selected	 SNPs	 in	 DNA	 damage	 repair	 genes	 and	 other	 common	
variants	may	be	associated	with	an	increased	radiosensitivity.	For	example,	data	from	Willems	





his	 review,	 a	 clear	 influence	 of	 certain	 SNPs	 in	 ATM	 and	 other	 numerous	 DNA	 damage	
response	genes	on	radiosensitivity.	In	these	studies,	radiosensitivity	is	demonstrated	by	an	



















72%	 of	 BRCA1	 mutation	 carriers	 show	 some	 degree	 of	 radiosensitivity	 (RIND	 score	 1-4).	














83%	 of	 controls	 are	 not	 radiosensitive	 (RS-score=0).	 RS	 scores	 of	 non-carriers	 do	 not	
significantly	differ	 from	scores	observed	 in	 the	control	 cohort.	This	 scoring	 system	can	be	












































intra-individual	 variation	 for	 the	 G2	 MN	 assay,	 we	 performed	 multiple	 testing	 of	 seven	
healthy	 volunteers	 and	 four	BRCA1	 mutation	 carriers.	 Despite	 variations	 observed	 in	 the	
radiation-induced	MN	yields	 and	G2/M	checkpoint	 ratios	 between	multiple	 samplings,	 no	
significant	differences	in	RIND	scores	were	observed	when	comparing	all	repeats.	To	reduce	



































Furthermore,	 variations	 in	 genetic	 background	 will	 also	 contribute	 to	 differences	 in	
radiosensitivity	(see	chapter	1.1.3	of	the	discussion),	complicating	individual	assessment	of	
radiosensitivity	 related	 to	 a	 specific	 BRCA1	 or	 BRCA2	mutation.	 In	 paper	 II	 and	 III,	 we	
demonstrated	 that	 non-related	 individuals	 with	 the	 same	 mutation	 can	 exhibit	 different	
RIND/RS	 phenotype.	 Furthermore,	 related	 mutation	 carriers	 do	 not	 necessarily	 show	 an	
identical	 RS/RIND	 score.	Given	 the	 numerous	 pathways	 involved	 in	 the	 formation	of	MN,	
ideally	a	very	large	study	is	required	on	mutation	carriers,	non-carrier	relatives	and	unrelated	
controls,	 to	 link	 the	 results	 of	 a	 radiosensitivity	 assay	 with	 whole	 genome/	











been	 discussed	 in	 chapter	 3.3.2.2	 of	 the	 introduction	 and	 in	 chapter	 1.1.3	 of	 the	 general	
discussion.	 Recently,	 a	 RAD51	 foci	 assay	 has	 been	 developed	 to	 allow	 evaluation	 of	 HR	
activity.	 Performed	 on	 tumor	 biopsies	 irradiated	 ex-vivo,	 the	 RAD51	 foci	 assay	 allows	 to	














ionizing	 radiation.	Moreover,	whereas	a	doubling	 in	RAD51	 foci	after	exposure	 to	 ionizing	
radiation	can	be	detected	for	the	control	cells,	no	radiation-induced	foci	were	observed	for	










assay	 on	 synchronized	 lymphocytes	 of	 heterozygous	BRCA1	 and	BRCA2	mutation	 carriers	
might	 be	 promising	 to	 evaluate	 HR	 functionality	 and	 radiosensitivity.	 Additionally,	 the	
absence	 of	 overlap	 between	 the	 results	 of	 the	 control	 versus	 the	 BRCA	 knockdown	 cells,	
shown	 in	 Figure	 3.12,	 implies	 that	 this	 assay	 might	 be	 better	 suited	 for	 individual	
radiosensitivity	assessment.	Furthermore,	this	assay	could	be	applied	for	the	evaluation	of	HR	
capacity	 in	 individuals	 with	mutations	 in	 other	 genes	 involved	 in	 HR	 such	 as	 PALB2.	 The	
evaluation	 of	 HR	 activation	 in	 lymphocytes	 with	 the	 RAD51	 foci	 assay	 after	 exposure	 to	
ionizing	radiation	might	also	shed	 light	on	their	sensitivity	 for	PARP	 inhibitor	treatment	as	
		 230	










significant	 increase	 in	 RAD51	 foci	 were	 obtained	 after	 combined	 treatment	 with	 a	 PARP	
inhibitor	and	ionizing	radiation	compared	to	ionizing	radiation	alone	(paper	IV).	This	might	be	














explanation,	 inherent	 to	 the	 inhibition	 itself.	 As	 discussed	 in	 the	 introduction	 (chapter	
3.3.2.4),	PARP	 is	 involved	 in	numerous	pathways.	The	effect	of	PARP	 inhibition	 treatment	
predominantly	 relies	 on	 the	 inhibition	 of	 BER	 and	 the	 failure	 to	 repair	 SSB.	 These	 SSB	
subsequently	result	in	stalled	replication	forks	during	synthesis	and	the	formation	of	single-
ended	 DSB,	 that	 are	 exclusively	 repaired	 by	 HR	 (see	 Figure	 3.13	 (1))	 (Murai	 et	 al.	 2012;	
Pommier	 et	 al.	 2016).	 However,	 PARP	 is	 also	 important	 in	 the	 stabilization	 of	 replication	
damage	repair	and	DSB	repair.	Unfortunately,	the	complex	network	mediating	these	PARP	
functions	is	not	completely	understood	and	inhibition	of	PARP	might	interfere	with	initiation	











collapse	 and	 single	 ended	 DSB.	 However,	 as	 the	 net	 effect	 is	 not	 different	 than	 that	 of	
inhibition	 alone,	 it	 does	 not	 explain	 the	 additional	 cytotoxicity	 granted	 to	 PARP	 trapping.	
Another	possibility	is	the	inclusion	of	other	proteins	in	the	PARP-DNA	complexes	which	might	













Finally,	 we	 must	 consider	 the	 effect	 of	 aphidicolin	 synchronization	 on	 PARP	 inhibitor	
treatment.	Although	aphidicolin	 is	washed	away	from	the	culture	medium	at	the	time	the	
cells	are	exposed	to	a	PARP	inhibitor	and/or	ionizing	radiation,	their	respective	effect	on	a	
mutual	 target,	 being	 the	 replication	 fork,	 should	 be	 considered.	 Aphidicolin	 impairs	





up,	 in	 which	 we	 apply	 the	 RAD51	 foci	 assay	 in	 control	 and	 BRCA1/2	 knockdown	 breast	
epithelial	 cells	with	 residual	 protein	 expression.	 Up	 to	 now,	 all	 literature	 referring	 to	 the	
RAD51	foci	assay	and	PARP	inhibition	is	limited	to	tumor	biopsies	from	patients	with	germline	




































have	 a	 higher	 RBE	 then	 60Co g-rays,	 typically	 used	 to	 perform	 risk	 assessments.	 As	














lead	 to	 a	 low-dose	 hypersensitivity	 in	 breast	 glandular	 tissue	 (Averbeck	 2009).	 Breast	
epithelial	cells	are	highly	organized	and	are	characterized	by	gap	junction-mediate	cell-cell	
communication	 which	might	 leave	 these	 cells	 prone	 to	 bystander	 effects	 (Defamie	 et	 al.	
2014).	Indeed,	recent	research	by	our	group	demonstrated	that	breast	epithelial	cells	lining	
the	duct	are	characterized	by	a	 low	dose	hypersensitivity	(see	Figure	3.15)	(Depuydt	et	al.	














BRCA2	mutation	carriers.	Whereas	some	clinical	 studies	 reported	an	absence	of	 increased	
breast	cancer	 incidence	in	BRCA	mutation	carriers	after	exposure	to	 ionizing	radiation	in	a	







evidence	 of	 a	 net	 benefit	 of	 mammography	 screening	 between	 the	 ages	 of	 30-34	 years	
(Berrington	de	Gonzalez	et	al.	2009).	A	net	benefit	was	only	observed	at	the	age	of	35	years	








could	 outweigh	 the	 benefits	 of	 screening.	 Current	 screening	 settings	 at	 UZ	 Gent	 avoid	
exposure	to	ionizing	radiation	of	young	individuals	at	high	risk	(not	solely	mutation	carriers)	




in	 BRCA1	 or	 BRCA2.	 Techniques	 such	 as	 MRI	 seem	 to	 be	 better	 suited	 to	 screen	 these	
individuals.	Indeed,	despite	reports	concerning	a	lower	specificity	and/or	sensitivity	(Enriquez	
&	Listinsky	2009;	Pataky	et	al.	2013;	Ahern	et	al.	2014),	MRI	screening	is	useful	in	high	risk	






suggest	 that	 the	 healthy	 breast	 tissue	 might	 be	 more	 prone	 to	 health	 consequences	
associated	 with	 an	 impaired	 DNA	 damage	 response	 capacity	 such	 as	 radiation-induced	
carcinogenesis	and	adverse	effects.	Unfortunately,	only	a	limited	number	of	studies	evaluated	
the	carcinogenic	risk	of	adjuvant	radiotherapy	in	BRCA	mutation	carriers	and	results	are	not	







on	 breast	 tumor	 tissue	 in	 mutation	 carriers	 would	 allow	 the	 evaluation	 of	 the	 possible	




















mutation	has	been	detected	or	 is	presumed	 in	a	 gene	 involved	 in	 c-NHEJ,	 radiosensitivity	
analysis	by	means	of	the	G0	MN	is	advisable.	In	case	of	a	mutation	in	a	gene	involved	in	HR,	
the	G2	MN	is	the	more	appropriate	assay	to	evaluate	individual	radiosensitivity.	Additionally,	












For	BRCA1	 and	BRCA2	 heterozygous	mutation	carriers,	we	demonstrated	 that	 the	G2	MN	
assay	 is	 the	 more	 appropriate	 tool	 to	 evaluate	 radiosensitivity.	 This	 is	 in	 line	 with	 the	

















































Further	 research	 evaluating	 the	 difference	 in	 pathway	 use	 between	 different	 cell	 types,	















VUS	 are	 a	 true	 challenge	 for	 health	 care	 providers	 as	 the	 impact	 of	 these	 variants	 on	
breast/ovarian	 cancer	 risk	 is	 unclear.	 mRNA	 analysis	 to	 investigate	 intronic	 and	 exonic	
variants	that	might	impair	proper	RNA	splicing,	a	highly	regulated	process,	are	widely	used.	
In	 paper	 V,	 we	 evaluated	 the	 outcome	 of	 19	 VUS	 at	 the	 cDNA	 level	 and	 assessed	 the	
performance	of	multiple	in	silico	prediction	tools	(discussed	in	chapter	2.1).	We	demonstrated	
aberrant	 splicing	 for	 nine	 variants,	 suggesting	 that	 these	 variants	 are	 likely	 pathogenic	















located,	 the	ability	 to	accurately	predict	 the	wild	type	splice	site,	and	the	ability	 to	define	
important	 regions	 such	as	 the	branchpoints	or	ESE	 (Caminsky	et	al.	2014;	Houdayer	et	al.	
2012).	Therefore,	the	efficiency	of	these	splicing	tools	largely	depends	on	the	location	of	the	

































variants	 sequencing	 data	 clearly	 showed	 equal	 expression	 of	 the	 aberrant	 and	 full	 length	
transcript	and	complete	absence	of	the	aberrant	transcript	in	controls.	For	these	variants	our	
data	 provide	 a	 reasonable	 suggestion	 regarding	 pathogenicity.	 However,	 allele-specific	
assessment	 of	 aberrant	 splicing	 in	 combination	with	 a	multifactorial	 likelihood	 analysis	 is	
necessary	to	definitively	classify	a	variant	as	deleterious	(Spurdle	et	al.	2008).	
	














transcript	 can	 be	 verified	 by	means	 of	 a	Western	 blot	 analysis.	 If	 an	 aberrant	 protein	 is	









disrupted	BRCT	domain	 is	 important	 for,	 amongst	 others,	 BRCA1	 recruitment	 to	 the	DNA	




RAD51	 foci	 assay	 on	 synchronized	 lymphocytes	 of	 individuals	 with	 pathogenic	 BRCA1	 or	
BRCA2	mutations	might	be	promising	to	evaluate	HR	functionality	and	radiosensitivity.	Once	
validated,	 this	 assay	 could	 be	 applied	 for	 pathogenicity	 assessment	 of	 splice	 site	 variants	
leading	to	various	types	of	aberrant	transcripts.	
	
In	 paper	 II,	 we	 evaluated	 the	 effect	 of	 different	 types	 of	 aberrant	 transcripts	 on	
radiosensitivity,	measured	by	the	G2	MN	assay	 in	BRCA1	mutation	carriers.	Therefore,	we	
compared	 the	 effect	 of	 aberrant	 transcripts	 sensitive	 to	 NMD	 and	 aberrant	 transcripts	
escaping	NMD	due	to	the	absence	or	the	5’	location	of	a	PTC	on	the	individual	RIND	scores.	
Haploinsufficiency	 is	the	main	mechanism	suggested	for	breast	carcinogenesis	 (Salmena	&	
Narod	2012)	and	seems	to	be	the	underlying	mechanism	for	 radiosensitivity	 in	 individuals	
with	an	NMD-sensitive	mutation.	However,	we	demonstrated	a	higher	median	RIND	score	for	
individuals	 carrying	 a	 mutation	 in	 the	 5’	 part	 of	 the	 gene,	 for	 which	 no	 NMD	 could	 be	
detected,	compared	to	individuals	with	aberrant	transcripts	susceptible	for	NMD,	which	may	
		 244	
point	 towards	 another	mechanism,	 such	as	dominant	negative	effect,	 in	 these	 individuals	







We	 demonstrated	 that	 the	 G2	MN	 assay	 is	 a	 valuable	 assay	 to	 assess	 radiosensitivity	 in	
cohorts	of	ATM,	BRCA1	and	BRCA2	heterozygous	mutation	carriers.		
Unfortunately,	 intra-individual	 variation	 of	 the	 assay,	 and	 inter-individual	 variation	which	
might	be	caused	by	the	influence	of	other	DNA	damage	response	pathways	on	MN	formation,	
complicate	individual	radiosensitivity	assessment	due	to	overlap	in	MN	yields	between	the	
test	and	control	 cohort.	Therefore,	an	arbitrary	 scoring	 system	was	set	up	which	allows	a	
“graded”	assessment	of	the	individual	radiosensitive	phenotype.	In	search	of	an	assay	to	allow	
a	better	individual	assessment	of	HR	capacity	in	heterozygous	BRCA1	and	BRCA2	mutation	
carriers,	 we	 evaluated	 the	 use	 of	 the	 RAD51	 foci	 assay	 in	 S	 phase	 synchronized	 breast	
epithelial	 cells	 with	 reduced	 BRCA1	 or	 BRCA2	 protein	 levels	 and	 demonstrated	 impaired	
RAD51	foci	formation,	and	thus	HR	capacity,	in	response	to	radiation-induced	DSB.	Both	the	
G2	MN	assay	and	the	RAD51	foci	assays	can	be	applied	for	the	assessment	of	radiosensitivity	










mutation.	 However,	 a	 major	 burden	 in	 diagnostic	 testing	 of	 the	 BRCA1/2	 genes	 are	 the	
identification	of	VUS.	These	VUS	are	a	true	challenge	for	health	care	providers	as	the	impact	
of	 these	 variants	 on	 breast/ovarian	 cancer	 risk	 is	 unclear.	 We	 evaluate	 the	 effect	 of	 21	
variants	in	BRCA1	and	BRCA2	by	mRNA	analysis	and	demonstrated	aberrant	splicing	for	11	
variants	suggesting	that	 these	are	 likely	pathogenic.	Furthermore,	we	demonstrate	that	 in	
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Oral	 presentation:	 Development	 of	 an	 S-G2	micronucleus	 assay	 for	 the	



















Oral	 presentation:	 Development	 of	 an	 S-G2	micronucleus	 assay	 for	 the	
detection	 of	 in	 vitro	 chromosomal	 radiosensitivity	 in	BRCA1	 and	BRCA2	
mutation	carriers.	
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